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As crude oil remains a vital natural resource for the energy need of the world, 
environmental crude oil spills continue to be a health risk to human beings and 
ecological systems. During clean-up efforts, surfactant-like dispersants are used to 
break down big oil slicks into small droplets. Therefore it is necessary to investigate the 
health impacts of dispersed oil as a mixture entity rather than based on the toxicological 
profile of individual chemicals. Since reproductive stages of organisms are generally 
being more sensitive to the effects of toxicants than other stages, investigation of crude 
oil/dispersant exposure effects on reproduction is critically important. However, studies 
on the reproductive effects of crude oil-dispersant mixture exposure and its mechanism 
remain insufficient. The nematode Caenorhabditis elegans (C. elegans) has been a 
useful tool for environmental toxicity studies, and it is a well-known animal model to 
study the reproduction system. Therefore in this study, we employed the nematode C. 
elegans to test impacts of crude oil/dispersant exposure on basic biological processes 
growth, reproduction, microRNAs and protein-coding gene expression and its 
underlying mechanisms. 
In Chapter 1, growth and reproduction assays showed that in the model both the 
crude oil and the dispersant significantly inhibited the reproduction of C. elegans. Dose-
dependent inhibition of hatched larvae production was observed in worms exposed to 
both crude oil and dispersant. Importantly, the chemical dispersant Corexit 9500A 
potentiated crude oil effects; the dispersant-oil mixture induced more significant effects 
than oil or dispersant-alone exposures.  
 In Chapter 2, we showed that crude oil-dispersant mixture affected reproduction by 
inducing abnormal sperm during the process of spermatogenesis. Results showed that 
the abnormal immature sperm were significantly increased in the gonad arms of Dis-Oil 
mixture treated animals compared to controls (K-medium). In addition, Dis-Oil mixture 
induced more abnormal spermatids including irregular shape of the cell membrane and 
unexpected tails. Moreover we utilized puf-8; lip-1 tumor sensitive strain to test the cell 
fate of immature sperm induced by Dis-Oil mixture treatment. We found increased 
tumor occurrence in dispersed oil treatments compared to control.  
 Based on the genome-wide investigation of microRNA profile, in Chapter 3, we 
found that the aberrant expression of miRNAs was induced.  The KEGG pathway 
enrichment analyses indicated that those significantly changed miRNAs regulate many 
biological processes in C. elegans. Many affected pathways are related to 
environmental information processing and oil uptake and/or metabolism. Since the 
currently identified proteins and microRNAs in C.elegans show remarkable conservation 
with mammals including humans, the oil/dispersant may also induce similar change at 
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The economic, environmental, and human health impacts of the deepwater horizon 
(DWH) oil spill have been of significant concern in the general public and among 
scientists. This study employs parallel experiments to test the effects of crude oil from 
the DWH oil well, chemical dispersant Corexit 9500A, and dispersant-oil mixture on 
growth and reproduction in the model organism Caenorhabditis elegans. Both the crude 
oil and the dispersant significantly inhibited the reproduction of C. elegans. Dose-
dependent inhibitions of hatched larvae production were observed in worms exposed to 
both crude oil and dispersant. Importantly, the chemical dispersant Corexit 9500A 
potentiated crude oil effects; dispersant-oil mixture induced more significant effects than 
oil or dispersant-alone exposures. While oil-alone exposure and dispersant-alone 
exposure have none to moderate inhibitory effects on hatched larvae production, 
respectively, the mixture of dispersant and oil induced much more significant inhibition 
of offspring production. The production of hatched larvae was almost completely 
inhibited by several high concentrations of the dispersant-oil mixture. This suggests a 
sensitive bioassay for future investigation of oil/ dispersant impacts on organisms. We 
also investigated the effects of crude oil/dispersant exposure at the molecular level by 
measuring the expressions of 31 functional genes. Results showed that the dispersant 
and the dispersant-oil mixture induced aberrant expressions of 12 protein-coding genes 
(cat-4, trxr-2, sdhb-1, lev-8, lin-39, unc-115, prdx-3, sod-1, acr-16, ric-3, unc-68, and 
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acr-8). These 12 genes are associated with a variety of biological processes, including 
egg-laying, oxidative stress, muscle contraction, and neurological functions. In 
summary, the toxicity potentiating effect of chemical dispersant must be taken into 
consideration in future crude oil cleanup applications.  
Introduction 
	
In the late April 2010, BP deepwater horizon (DWH) exploded and the oil spill released 
about 4.1 million barrels of crude oil (7.0 9 105 m3) into the north-central Gulf of Mexico 
over a period from April 20, 2010 to July 15, 2010 (Allan et al. 2012). The economic, 
environmental, and human health impacts of the DWH oil spill have been of significant 
concern to the federal government, scientists, and the public. The class of polycyclic 
aromatic hydrocarbons (PAH) compounds in crude oil, such as benzo[a]pyrene and 
fluoranthene, have been well known as potent genotoxic and carcinogenic agents 
(Bispo et al. 1999; HHS 1995). PAHs present in oil also cause immunotoxicity in a 
variety of animals, including fish, birds, and mammals (Barron 2012). In response to the 
oil spill, approximately 2.1 million gallons of dispersants, detergent-like chemicals, were 
applied to the surface water and around the wellhead (Allan et al. 2012). The chemical 
dispersant was intended to break down the oil into smaller droplets to facilitate natural 
degradation and to prevent the oil from spreading and contaminating shorelines and 
wetlands. The scope dispersant use was unprecedented and prompted interest in 
understanding the consequence of using dispersants to treat oil spills. Two recent 
studies on the chemical dispersant Corexit 9500A, the primary dispersant applied during 
the DWH spill, suggest immunotoxicity and neurotoxicity in rodent models (Anderson et 
	3	
al. 2011; Sriram et al. 2011). Reproductive stages of organisms are suspected of being 
more sensitive to the effects of environmental pollutants than other stages, so 
investigation of crude oil/dispersant exposure effects on reproduction is critically 
important. One recent report indicates that the Macondo crude oil causes a variety of 
significant defects in zebra fish embryogenesis and development (de Soysa et al. 2012). 
Another recent study reported toxicity of the crude oil-dispersant mixture to the ducks 
embryos when the mixture was applied to egg shells (Finch et al. 2012). However, 
studies on reproductive effects of crude oil/dispersant exposure and its mechanism 
remain insufficient. Most recent reports are studies of fish, birds, or rats and focus on 
the lethality, metabolic effects, and reproductive phenotypes (de Soysa et al. 2012; Van 
Scoy et al. 2012; Milinkovitch et al. 2012; Wise and Wise 2011; Roberts et al. 2011). 
Few studies have worked on Caenorhabditis elegans and the genetic response 
underlying reproductive phenotypes. In this study, we employed the nematode C. 
elegans, which has been shown to be a useful model for testing effects of 
environmental pollutants, to test impacts of crude oil/dispersant exposure on basic 
biological processes growth, reproduction, and gene expression.  
Caenorhabditis elegans, a free-living nematode, lives mainly in the liquid phase of soil 
and feeds on soil microorganisms. It is one of the best-characterized animals at the 
genetic, physiological, molecular, and developmental levels. It is the first multicellular 
eukaryote to have its genome completely sequenced (Anonymous 1998), and the 
genome of C. elegans showed a high level of conservation with vertebrates (Cutter et 
al. 2009). In addition, C. elegans is an ideal animal model for the study of ecotoxicology 
due to its abundance in soil ecosystems and its properties of short life cycle, small size, 
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ease of handling in the laboratory and convenient to monitoring behavior under 
microscope (Brenner 1974; Riddle et al. 1997). C. elegans has been widely used in 
ecological risk assessment for many kinds of chemicals that exist in the environment, 
including metals (Ho ̈ss et al. 2003; Wang and Xing 2008), persistentorganicpollutants 
(Sochova ́etal.2007), pesticides (Cole et al. 2004), and nanomaterials (Roh et al. 2010). 
Nematodes are sensitive to many different kinds of stresses and can change their 
growth rate, reproductive speed, brood size, life cycle, and other properties (Dhawan et 
al. 1999; Anderson et al. 2001). Because of all these advantages, C. elegans is 
frequently used in ecotoxicological studies and ecological risk assessment in both water 
and soil medium.  
Here, we exposed the C. elegans to varying concentrations of oil and dispersant 
solutions to determine the effects of crude oil and crude oil-dispersant mixtures on 
fundamental biological processes growth and reproduction. Three endpoints (body 
length, number of offspring beyond the eggs per worm, number of eggs inside body per 
worm) were used in assays to assess the growth and reproduction and to serve as a 
source of samples for the measurement of gene expression. We were interested to 
understand the effects of crude oil on organismal growth and reproduction because 
these are basic biological processes that may be differentially sensitive to crude 
oil/dispersant exposures. The toxicity test using C. elegans in this study provides a rapid 
and effective method to study the impact of the DWH oil spill and following usage of 
dispersant on the ecosystem. It will also be helpful for our further understanding the 
genetic mechanism underlying toxicity of oil/dispersant to nematodes and other 
organisms.  
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Materials and methods 
C. elegans cultivation  
The wild-type N2 strain of C. elegans used in this study was obtained from the 
Caenorhabditis Genetics Center, and worms were maintained at 20 °C on NGM 
(nematode growth medium)-agar plates seeded with E. coli strain OP50 as food, 
according to the standard method (Brenner 1974). L1 or L4 stage larvae from an age-
synchronized culture were used in the experiments. To obtain age-synchronized 
cultures, eggs from 3-day-old mature adults plates were isolated via bleaching, followed 
by rinse with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O 
to 1 l sterilized by autoclaving), and the eggs were hatched and allowed to grow to L1 
larvae in M9 buffer without food. L1 larvae were allowed to grow to L4 larvae (36 h) on 
agar plates with E. coli OP50 as a food source at 20 °C.  
Oil and dispersant preparation  
Unweathered crude oil from the Macondo well was provided by BP and Corexit 9500A, 
the primary dispersant used was provided by NALCO. The stock solution of the 
dispersant-oil mixture (Dis-Oil) was made as follows: 20 volumes of crude oil and 1 
volume of dispersant (according to the approximate proportion in commercial use) were 
vortex mixed, shaken overnight in a reciprocating shaker at 120 rpm and then diluted 10 
times with K-medium (0.032 M KCl and 0.051 M NaCl). K-medium is a commonly used 
salt medium suitable for C. elegans aquatic toxicity testing (Ura et al. 2002; Khanna et 
al. 1997). While performing dilution, the parent solution was intensively mixed by 
inversing the conical tube for 25 times, and solutions were immediately taken from the 
middle of the mixed emulsion. To make the dispersant-alone (Dis) stock solution, 20 
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volumes of K-medium and 1 volume of dispersant were mixed, shaken overnight, and 
then intensively shaken, diluted 10 times with K-medium. Similarly, to make oil-alone 
(Oil) stock, 20 volumes of crude oil and 1 volume of K-medium were mixed overnight, 
shaken, and then diluted 10 times with K-medium. Different concentrations of working 
solutions of Dis-Oil, Dis, and Oil were made by dilution of corresponding stock solutions 
by 20, 50, 100, and 500 times with K-medium. K-medium was used as control.  
Growth and reproduction tests  
Three endpoints were assessed to test the effects of oil and dispersant on the growth 
and reproduction in C. elegans, which included the body length, number of eggs inside 
the worm body and number of offspring beyond the eggs per worm. We exposed two 
developmental stages (L1 and L4-larval) of the C. elegans to investigate toxicological 
effects associated with exposure initiated at different developmental stages. The L1-
larval stage nematodes were treated for 5 days, and the L4-larval ones were treated for 
3 days. The nematodes were exposed in three different kinds of treatments: oil-alone 
(Oil), dispersant-alone (Dis), and the mixture of oil and dispersant (Dis-Oil). Each test 
consisted of four concentrations (diluted 20X, 50X, 100X, 500X of corresponding stock 
solutions) and a K-medium control. Exposures were conducted in 24-well tissue culture 
plates (Corning Costar) in a 20 °C incubator. A 1.0 ml of test solution was added to 
each of the wells with E. coli OP50 as food. One individual worm was loaded into each 
well with the dosing solution or control. Six replicates were conducted in each of the 
tests. Growth was assessed by the body length of anaesthetized worms measured 
using a dissecting microscopy with a scaled lens. Reproduction was assessed by 
counting the eggs of inside the body per worm using an inversed compound microscope 
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and counting the offspring larvae in the medium under a dissecting microscope. Six 
replicates were conducted in each treatment.  
Gene expression assay  
The impact of oil and dispersant was also investigated at the molecular level. A total of 
thirty-one selected genes were assessed. Of the selected 31 genes, 20 are related to 
egg-laying, which are cat-4, egl-5, egl-10, egl-19, egl-44, egl-46, egl-47, hlh-14, lev-1, 
lev-8, lin39, unc-29, unc-38, unc-43, unc-63, unc-103, unc-115, pink-1, sdhb-1 and sod-
1; 9 are stress-response-related genes that are pink-1, sdhb-1, sod-1, age-1, gcs-1, old-
1, oxi-1, prdx-3 and trxr-2; 5 are muscle or neuronal function related genes, which are 
acr-8, acr-16, ric-3, unc-50 and unc-68. Some of the genes have multiple functions; 
some egg-laying or reproduction related genes also play a role in development and 
neurological functions. For example, pink-1, sdhb-1, and sod-1 have functions in 
reproduction as well in stress response. The detailed description and classification 
information of these genes is listed in Table 1-1.  
Based on the growth and reproduction results, we found the L4 larvae were sensitive to 
dispersant and oil exposure. So we conducted the gene expression assays in worms 
collected after L4 larvae exposure to Dis and Dis-Oil solutions for 24 h. The objective 
was to use gene expression as early responsive endpoint for reproductive toxicity, as 
genetic response in general is more sensitive than classical reproduction phenotypes. 
Thereby, 24-h exposure instead of 3 day was performed to detect aberrant early 
expressions. L4 stage larvae were exposed for 24 h in three dosing solutions that were 
20X, 50X, and 100X dilutions of the Dis stock solution or the Dis-Oil stock solution. We 
also use the K-medium as control. Three biological replicates were conducted for each 
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of the seven different groups: d20, d50, d100, do20, do50, do100, and K-medium 
control (d: dispersant-alone; do: dispersant-oil mixture). After exposure, worms were 
harvested and rinsed with K-medium, frozen in liquid nitrogen, and then stored at -80°C 
until RNA extraction and gene expression analysis.  
Total RNA isolation and cDNA synthesis  
Total RNA was extracted from the worms using mirVanaTM miRNA Isolation Kit 
(Ambion, Inc) according to the manufacturer’s instructions. After adding the lysis buffer, 
worms were homogenized by using a sonic dismembrator (Model 100, Fisher Scientific) 
for 10 s at setting 3. RNA concentration and quality were measured with a NanoDrop 
ND-1000 Micro-Volume UV–Vis Spectrophotometer (NanoDrop Technologies). RNA 
purity was evaluated by absorbance ratios of 260/280 and 260/230. A total of 1 lg RNA 
was used for reverse transcription with TaqMan microRNA Reverse Transcription kit 
(Applied Biosystems, Foster City, CA), using polyT as the reverse transcription primer.  
Quantitative real-time PCR (qRT-PCR)  
Thirty-one genes were selected to test the impact of oil and dispersant on the gene 
expression. These genes were selected based on their relationship to important aspects 
of physiology including reproduction (egg-laying) and stress response. The primer 
information is listed in Table 1-2. qRT-PCRs were carried out using 10 lL of Real-Time 
SYBR Green PCR master mix, 3 lL of diluted reverse transcription product, 2 lL of 
forward and reverse primer, and 5 lL of DNase/RNase free water in a total volume of 20 
lL. Amplification was performed using a 7300 Real-Time PCR System (Applied 
Biosystems) with initial polymerase activation at 95 °C for 10 min, followed by 40 cycles 
of 95 °C for 15 s denaturation, 60 °C for 60 s for primer-specific annealing and 
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elongation. Each reaction has three replicates. For qRT-PCR, Y45F10D.4, a conserved 
iron-binding-related protein, was used to normalize the expression of mRNAs of 
interest; our previous study demonstrates that Y45F10D.4 was a reliable reference 
gene in C. elegans (Zhang et al. 2012). In this study, Y45F10D.4 also showed stable 
expression in different treatments. Relative miRNA expression data were analyzed 
using the DDCT method (Livak and Schmittgen 2001).  
Data analysis  
All the experiments were repeated for at least three times. The results were presented 
as mean ± standard error. IBM SPSS Statistics 19 for windows was used for statistical 
analyses. Analysis of variance (ANOVA) was used for comparing means of different 
treatment groups in growth, reproduction, and gene expression tests. If there was a 
significant difference among treatment groups at a 0.05 significant level, least significant 
difference (LSD) multiple comparisons were conducted to compare the mean of each 
group.  
Results 
Crude oil exposure impact C. elegans growth and reproduction  
All the F0 worms survived during different exposure conditions tested in this study. Oil 
exposure affected the L1, but not the L4 stage C. elegans body length growth (Fig. 1-1 
A1 and B1). After L1 worms were exposed to oil-alone for 5 days, the body length was 
significantly reduced in 50X (p = 0.007) and 500X (p = 0.010) oil dilution groups as 
compared to control. At 100X oil dilution group, the worm body length was marginally 
lower than control (p = 0.074). It is surprising that the highest concentration of oil (20X 
dilution group) did not affect body length growth. There is no significant difference in 
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body length between 20X dilution treatment group and control. It is unclear what 
mechanism caused this phenomenon. Oil is a mixture of many compounds; organism 
may develop adaption to the contaminated environment by inducing certain gene 
expression, which could affect growth and development. C. elegans may also adapt to 
the environment by utilizing some compounds in the oil as food resources. Another 
explanation is that C. elegans exposed to oil droplet suspended in the solution, but not 
the surface oil. It is possible that at high concentrations (20X dilution group), oil tends to 
be aggregated on the surface and less available to C. elegans. There was an obvious 
oil layer on the surface of the solution in the high concentration group (20X). Although 
oil affected the growth of L1-stage worms, no significant difference was observed when 
the exposure was initiated at L4-stage (Fig. 1-1 B1). More likely, this is because that L4-
stage C. elegans are near mature, and body size growth is not significant.  
In contrast, oil exposure affected reproduction when exposure was initiated at L4-
stage of C. elegans, but not at L1 worms (Fig. 1-1 A2 and B2). After L4 larvae was 
treated with oil for 3 days, the number of offspring in all treated groups (20X, 50X, 100X, 
and 500X) were significantly lower than controls (Fig. 1-1 B2). In particular, the offspring 
number declined dramatically in the 50X dilution group which itself was significantly 
lower than other treated groups. The number of eggs inside the body was not 
significantly different among treatments after L4 worms were exposed to oil for 3 days 
(p = 0.101).  
Dispersant potentiates the inhibitory effect of oil on C. elegans growth  
Dispersant-alone (Dis) exposure did not inhibit the L1 C. elegans body length growth 
(Fig. 1-2 A1). In fact, after 5days of exposure began at L1 larvae, worms at 100X 
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dispersant dilution group even have 11.8 % longer body lengths (880 ± 48 lm) as 
compared to controls (787 ± 37 lm). It is possible that dispersant at this concentration 
produces optimal osmotic regulation in the solution which facilitates C. elegans growth 
and acquisition of nutrients (Matta et al. 2007). In contrast, after L1 worms were 
exposed to dispersant/oil mixture (Dis-Oil) for 5 days, the body length at low oil 
concentrations (100X and 500X dilutions) groups was significantly reduced by 8.7 and 
9.9 %, respectively (p < 0.05) (Fig. 1-2 A1). However, no significant effect was observed 
when worms were exposed to the same concentrations of oil-alone (Fig. 1-1 A1) or 
dispersant-alone (Fig. 1-2 A1) treatments. This suggests dispersant potentiates the 
inhibitory effects of oil on C. elegans body length growth. Another interesting 
phenomenon is similar to what observed in oil-alone exposure described above; high 
concentrations of oil-dispersant mixture (20X and 50X dilutions) did not affect body 
length growth, suggesting L1 worms may develop adaption and be able to use some oil 
components as food source.  
Similarly, dispersant-alone exposure did not inhibit the L4 C. elegans body length 
growth (Fig. 1-2 B1). However, when high concentration of oil (20X dilution) was mixed 
with dispersant, the body length growth of L4 worms was significantly inhibited by 19.6 
% (Fig. 1-2 B1). This suggested that suspension of crude oil by dispersant potentiates 
the growth inhibitory effects even on L4 worms where body size growth rate is limited.  
Dispersant potentiates the inhibitory effect of oil on C. elegans reproduction  
The potentiating role of dispersant on oil toxicity was even more evident in assays that 
measure reproductive effects (Fig. 1-2). Under oil-alone exposure starting at L1 worms, 
we did not observe any impact on the number of offspring or the number of egg inside 
	12	
the body per worm (Fig. 1-1 A2 and A3). However, when oil was mixed with dispersant, 
reductions in the number of offspring and also the number of egg inside the body per 
worm was observed (Fig. 1-2 A2 and A3). Strikingly, with dispersant, high 
concentrations (20X, 50X, and 100X dilutions) of oil almost completely inhibited the 
production of offspring larvae (p < 0.01) (Fig. 1-2 A2). Although treatment with 
dispersant-alone also caused a reduction in the production of offspring larvae, the 
dispersant-oil mixture led to even more significant reductions in the number of offspring 
larvae (compare Fig. 1-2 A2, dispersant treatment and dispersant-oil treatment at each 
concentration). This strongly suggests that dispersant potentiates the deleterious effects 
of oil.  
Effects on offspring larvae production by worms exposed for 3 days starting at L4 
stage were also measured, in comparison between dispersant-alone and dispersant-oil 
treatments (Fig. 1-2 B2). Notably, there was a dose-dependent inhibition of offspring 
production by dispersant-alone treatment. From low to high concentrations (500X, 
100X, 50X, 20X dilutions), there are four distinct statistical groups defined (represented 
as ab, c, d, and e on the bar graph of Fig. 1-2 B2). Importantly, there was also a dose-
dependent inhibition of offspring production by treatment with Dis-Oil mixture. Including 
control, there were four distinct statistical groups shown (represented as a, a, b, c, e on 
the bar graph of Fig. 1-2 B2). With dispersant, all tested oil concentrations significantly 
inhibited worms to produce offspring (p < 0.01); production of hatched offspring larvae 
was completely inhibited in treatments of 20X and 50X diluted dispersant-oil mixture. 
These findings also indicate that exposure starting at L4 larvae results in more sensitive 
response in offspring production than starting at L1 larvae. One explanation is that L1 
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larvae developed tolerance to the oil or dispersant when they developed into the mature 
stage; alternatively, it is possible that there are physiological and developmental 
differences between L1 and L4 larvae that predispose the L4 larvae to greater 
sensitivity. One study demonstrated that middle-aged and old C. elegans are more 
sensitive to oxidative stress than younger worms, due to the lower activity of superoxide 
dismutase (SOD) and catalase and deficits in reactive oxygen species (ROS) scavenger 
enzymes induction in older worms (Darr and Fridovich 1995).  
As compared to offspring larvae production, the number of egg inside body per 
worm was not a sensitive endpoint. Although some significant inhibitory effects were 
found in highest concentrations (20X dilutions) of dispersant-alone and Dis-Oil mixture 
treatments of L4 larvae (Fig. 1-2 B3), the overall effects were less significant. This may 
be because the number of eggs inside the body per worm (no more than 10 eggs) was 
already low even at the control group, making the comparison among different toxicant 
treatments difficult.  
Oil exposure impact gene expression in C. elegans  
Both dispersant and oil exposure induced aberrant expression of genes. Of the 31 
tested genes, the expression levels of 12 genes were significantly changed in C. 
elegans after 24-h exposure of L4 worms to dispersant or the mixture of oil and 
dispersant (Fig. 1-3). The change in gene expression varied from down-regulation by 
1.92-fold (cat-4) to up-regulation by 7.82-fold (lev-8). Three genes (cat-4, trxr-2, sdhb-1) 
were down-regulated and seven genes (lev-8, lin-39, unc-115, prdx-3, sod-1, acr-16, 
and ric-3) were up-regulated. The expression of unc-68 was concentration specific; it 
was up-regulated at a high (20X dilution) and a low (100X dilution) dispersant treatment, 
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but was down-regulated by 50X dilution of dispersant. In addition, unc-68 was up-
regulated under the treatment of a high concentration (20X dilution) of Dis-Oil mixture. 
The acr-8 was down-regulated when treated with 50X dilution of dispersant, but up-
regulated when treated with 50X dilution of Dis-Oil mixture. For some genes, 
dispersant-alone did not induce aberrant expression, but the mixture of oil and 
dispersant resulted in significant changes in their expressions. This type of genes 
included cat-4, trxr-2, sdhb-1, acr-16, and ric-3. This suggests that the aberrant 
expression of these genes was more likely caused by oil or by dispersant-oil interaction.  
Discussion 
The initial purpose of using chemical dispersants is to break down the crude oil to 
smaller droplets and facilitate natural degradation by microorganisms. However, recent 
evidence suggests that dispersant use could pose additional health risks, including 
immunotoxicity (Anderson et al. 2011) and neurotoxicity (Sriram et al. 2011). In this 
study, parallel experiments were performed using the C. elegans model to test the 
effects of crude oil, dispersant, and dispersant-oil mixture on basic biological processes 
growth and reproduction. Findings indicated that reproduction effects were more 
sensitive than growth effects in general. Both the crude oil from the deepwater horizon 
oil well and the dispersant Corexit 9500A using during the cleanup significantly inhibited 
the reproduction of C. elegans. Across the dose range of control to 50X dilution of the 
stock solution, there was a dose-dependent inhibition of hatched larvae production by 
worms following 3-day exposure to oil-alone (Fig. 1-1 B2). For dispersant-alone 
exposure, there was also a dose-dependent inhibition of larvae production across all the 
tested concentrations (Fig. 1-2 B2). Importantly, results demonstrated that the chemical 
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dispersant potentiates crude oil effects; oil-dispersant mixture induced more significant 
effects than oil or dispersant-alone exposures in several growth and reproduction 
endpoints. For example, while oil-alone and dispersant-alone exposure have none to 
moderate inhibitory effects on hatched larvae production, respectively (Figs. 1-1 A2, 1-2 
A2); the mixture of oil-dispersant induced much more significant inhibition of offspring 
production (Fig. 1-2 A2 and B2). The production of hatched larvae was almost 
completely inhibited by several high concentrations of the mixture (Fig. 1-2 A2 and B2). 
One potential reason is that the dispersant breaks down the crude oil into small oil 
droplets, so that toxic chemicals, such as PAHs in the crude oil, become more 
bioavailable. Thus, this potentiating effect must be taken into consideration in the future 
when using chemical dispersant to treat oil spill for a cleanup purpose.  
Transcriptional responses offer insights into the potential biological 
consequences. Results showed that dispersant and the mixture of dispersant and oil 
induced aberrant expressions of 12 protein-coding genes. These 12 genes are related 
to many biological processes, including egg-laying, oxidative stress, muscle contraction, 
and neuronal functions. Among all aberrantly expressed genes, lev-8 was the most up-
regulated (up to 7.82-fold) in response to the dispersant-oil mixture exposure. Lev-8, 
encoding a novel nicotinic acetylcholine receptor (nAChR) subunit, is expressed in 
diverse cell types including neurons, body wall and uterine muscle cells, and socket 
cells. Lev-8 activity is required for various physiological functions including foraging, 
egg-laying, and locomotion behaviors (Kim et al. 2001; Towers et al. 2005). The 
upregulation of lev-8 may reflect its roles in sensory and/or reproductive adaption under 
oil/dispersant exposure. Another example is the cat-4 gene. Cat-4, encoding an ortholog 
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of the human GTP cyclohydrolase I gene, is involved in serotonin and dopamine 
biosynthesis. Mutant strain deficient of cat-4 reduced the synthesis of serotonin and 
dopamine, which further affected movement, egg-laying, mating, and foraging behaviors 
(Sanyal et al. 2004; Hardaker et al. 2001). In this study, we found that oil-dispersant 
mixture caused significant decrease in the expression level of cat-4, which may result in 
disturbed dopaminergic neurotransmission implicated in observed reproduction defects. 
A recent study in rat also observed deficiency in dopaminergic signaling following 
exposure to the same dispersant Corexit 9500A. The expression of dopamine D2 
receptor (Drd2) was upregulated in the midbrain, accompanied by corroborative 
changes of several synaptic proteins. Drd2 has been shown to reduce dopamine 
synthesis and release (Einhorn et al. 1991; Elmestikawy et al. 1986), which is in 
agreement with the similar overall effects of cat-4 downregulation.  
The toxicity test using C. elegans in this study provided a rapid and effective 
method to evaluate the potential environmental health impact of the deepwater horizon 
oil spill and the dispersants used in the cleanup. C. elegans, along with the other 
thousands of free-living nematode species, are the most abundant soil-dwelling 
invertebrates that occupy a key position in the terrestrial ecosystem by influencing 
energy flow and nutrient cycling (Freckman 1988). Sustainability and functionality of 
terrestrial ecosystems are dependent on healthy biological processes of soil-dwelling 
organisms. Bacterivorous nematodes including C. elegans contribute to the 
decomposition of soil organic matters and serve as nutrients for soil fauna and 
microflora, thereby support functions of the terrestrial ecosystem (Neher 2001). Besides 
its ecological significance, the nematode C. elegans is a well-known genetic model used 
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in neurobiology and developmental biology. With the high conservation of gene 
pathways between C. elegans and vertebrates including humans, findings in C. elegans 
would provide useful assessment of physiological and genetic response of a board 
range of animal species in response to the DWH oil spill. From previous oil spill 
experience, it is expected that the oil and dispersant contamination in the environment 
will persist for many years to come. Further studies about transgenerational effects on 
C. elegans, as well in other species, will be helpful to understand the long-term impact 
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Growth and reproduction effects examined in the L1 or L4 stage larvae of C. elegans 
exposed to five concentrations of oil-alone solutions. Growth was assessed by 
measuring the body length of the worms after exposure. Reproduction was assessed by 
counting the number of offspring beyond the eggs and the number of eggs inside the 
body per worm. A1 through A3: treated from L1-larval stage for five days; B1 through 
B3: treated from L4-larval stage for three days. Dilution: diluted 20, 50, 100, and 500 
times of oil stock solution (oil stock solution was made of 10 times dilution of 20 volume 
crude oil:1 volume K-medium). Control was K-medium solution. Six replicates were 
conducted in each treatment. Means sharing a same letter above the error bar are not 




Effects of dispersant-alone and Dis-Oil mixture treatments on growth and reproduction 
in C. elegans. Growth was assessed by measuring the body length of the worms after 
exposure. Reproduction was assessed by counting the number of offspring beyond the 
eggs and the number of eggs inside the body per worm. A1 through A3: treated from 
L1-larval stage for 5 days; B1 through B3: treated from L4-larval stage for 3 days. 
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Dilution: diluted 20, 50, 100 and 500 times of stock solution (Dis stock solution was 
made of 10 times dilution of 20 volume K-medium:1 volume dispersant; Dis-Oil mixture 
stock solution was made of 10 times dilution of 20 volume crude oil:1 volume 
dispersant). Control was K-medium solution. Six replicates were conducted in each 
treatment. Means sharing a same letter above the error bar are not significantly different 






The fold change of gene expression (relative to control = 1, above 1 mean up-regulated, 
below 1 means down-regulated) in L4 larvae of C. elegans exposed to dispersant and 
Dis-Oil solutions for 24 h. Y-axis uses logarithmic scale and the base is 2 (log2). d20, 
d50, and d100 represent the nematodes dosed in the dispersant-alone solutions diluted 
20, 50, and 100 times from the stock solution, respectively. do20, do50, and do100 
represent the nematodes dosed in the Dis-Oil mixture solutions which were also diluted 
20, 50, or 100 times from the Dis-Oil mixture stock solution. The fold changes of genes 
normalized using Y45F10D.4 mRNA are presented as relative units compared to control 
(control = 1, dosed in K-medium; n = 3; mean ± standard error of the mean; *p < 0.05)  
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√   √ (Hardaker et al. 2001) 
egl-5 Egg Laying 
defective 
√  √  (Kalis et al. 2010; 
Nicholas and Hodgkin 
2009) 
egl-10 Egg Laying 
defective 
√   √ (Chase et al. 2004; van 
der Linden et al. 2001) 
egl-19 Egg Laying 
defective 
√   √ (Frokjaer-Jensen et al. 
2006) 
egl-44 Egg Laying 
defective 
√  √  (Wu et al. 2001) 
egl-46 Egg Laying 
defective 
√  √  (Wu et al. 2001; Yu et 
al. 2003) 
egl-47 Egg Laying √   √ (Moresco and Koelle 
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defective 2004) 
hlh-14 helix loop helix √  √  (Frank et al. 2003) 
lev-1 Levamisole 
resistant 
√   √ (Kim et al. 2001) 
lev-8 Levamisole 
resistant 
√   √ (Towers et al. 2005) 
lin-39 abnormal cell 
LINeage 
√  √  (Clark et al. 1993) 
unc-29 UNCoordinated √   √ (Kim et al. 2001; 
Fleming et al. 1997) 
unc-38 UNCoordinated √   √ (Kim et al. 2001) 
unc-43 UNCoordinated √  √ √ (Reiner et al. 1999) 
unc-63 UNCoordinated √   √ (Culetto et al. 2004) 
unc-103 UNCoordinated √   √ (Garcia and Sternberg 
2003) 











√ √ √  (Huang and Lemire 
2009) 
sod-1 SOD (superoxide 
dismutase) 
√ √   (Doonan et al. 2008; 
Shibata et al. 2003)  
age-1 AGEing 
alteration 





 √ √  (Inoue et al. 2005; Liao 




 √   (Murakami and Johnson 
2001) 
oxi-1 Oxidative stress 
Induced 
 √   (Camon et al. 2003; 
Yanase and Ishi 1999) 
prdx-3 PeRoxireDoXin  √   (Camon et al. 2003) 
trxr-2 ThioRedoXin 
Reductase 
 √   (Camon et al. 2003) 
acr-8 AcetylCholine 
Receptor 
   √ (Camon et al. 2003) 
acr-16 AcetylCholine 
Receptor 
   √ (Touroutine et al. 2005) 




Shteingauz et al. 2009) 
unc-50 UNCoordinated    √ (Eimer et al. 2007) 
unc-68 UNCoordinated    √ (Liu et al. 2005) 
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Gene symbol Locus tag Forward primer Reverse primer Aplicans size
cat-4 F32G8.6 CGAGTGATCGACCTGCGAGTGC GACTGGAATTCGCGAGTTGTGGA 105
egl-5 C08C3.1 ACCCAGGTATCTCGGCTGCG ATCCGGGAAACGTGGCAGGG 96
egl-10 F28C1.2 CATGCGAGCGCCTCTCTCGG AGATTCTGGCTCGACGCCGC 95
egl-19 C48A7.1 GACGGCCCCAGGTATCGGGA ACAATCCGAGCGTCGGCGTA 98
egl-44 F28B12.2 ACGACAACGCCCACGACGAC TCGGGAGCCATTGAGCCAGC 95
egl-46 K11G9.4 GGCTCTCCACCCGCACAATCC ACGTCGACGAGTGCAGCTTGA 97
egl-47 C50H2.2 GTCCCAACACCTGCTCCAGGAT CGGGGATGGAAGACCTGATTGGG 100
hlh-14 C18A3.8 CCCGCCCATCAGATTGTCCCG AGAGGGAAGACGGTGGTGGC 99
lev-1 F09E8.7 TGCAGGAGGAACATGGCTCGG ACCATCAGGCGATCCTCGGC 99
lev-8 C35C5.5 CGGCAAGATGATGGCGTGGA GCGCGATGAAGTGGCACTGAG 105
lin-39 C07H6.7 GCGTCTGCTGCACTTTCTGCTC TGAGGACCTCCCAGTCCTTGAC 104
unc-29 T08G11.5 CGGATGCCACAATGGGTTCGAG ACGGACAGCGCTTCGCTCAG 99
unc-38 F21F3.5 ACCTGGGAGCCACCAGCAATC CAGGAGCCGAACTTCAAATGGCA 98
unc-43 K11E8.1 GCCCCAAGAACCACACACCGC TTGTGTTGCCCGTTGACGCT 95
unc-63 Y110A7A.3 TGCGAACAGAGATGCGAATCGG CGTCACCACGAGTGTCTCTCCG 100
unc-103 C30D11.1 CGTCCAGCACCAATCATACCGGC TGCGAAGCGACCGCATTTCC 100
unc-115 F09B9.2 AGGAGGCGAGAGAGACCAGGG CGTCGGAAGTGTGGCGGCTC 97
pink-1 EEED8.9 GAGGAAATGCCAAGACAAAAGCACC AGGCCTCCAGCTGCCCATGT 103
sdhb-1 F42A8.2 TGGCTGAACGTGATCGTCTTGATGG TCCACCAGTAGGATGGGCATGACG 84
sod-1 C15F1.7 CGGACAAGACGACCTCGGCG GCAATGACACCGCAGGCAGC 96
age-1 B0334.8 GGCAGCCGCGTTGACTTTGC TGACCGGGCTCAGCTGCTCAT 95
gcs-1 F37B12.2 CGAAGAGCAGGTGAATGCGATGC GCAAGCGATGAGACCTCCGTAAGG 118
old-1 C08H9.5 TCCGGGCAAACAGATCAAGAGGT AGGGAGTTGGTTCTGGTGGAACT 105
oxi-1 Y39A1C.2 GCTCACGTGTCCGGCTCTCC TGGCGCGAAGCCAGTGCAAC 101
prdx-3 R07E5.2 CATCTGGAACTGTCCGTCACACTAC CAATCAGCTGGGCAAACCTCTCC 127
trxr-2 ZK637.10 TTGTTCAGGATCGCCAAGAGCTC TGTAGTGGCAACTCCATCGAATCG 116
acr-8 ZC504.2 GTGGGATCCTGGTCGGTGGG TGGGGTTCTCCGTCAGCATTGT 105
acr-16 F25G6.3 GCCATGGTTGTGGACCGCCT AGGCGACAAGATACGGTGCTGA 97
ric-3 T14A8.1 TGGGTCGTTCACCACCATCAAGT GCACCACCACCTGGATGACGTT 103
unc-50 T07A5.2 TTGTGGCGACACTGACCGGC AAAGACCGCCGTGTTGGGGC 105
unc-68 K11C4.5 CGCCATTCTCCACACGACGGA GCGGAAACACGCCACAACGG 103
Chapter 2: Crude Oil/Dispersant Induced Spermatogenesis Defects in 
Caenorhabditis elegans: Implications for Reproductive Toxicity 
Abstract 
As crude oil remains a vital natural resource for the energy needs of the world, 
environmental crude oil spills continue to be a health risk to human beings and 
ecological systems. During clean-up efforts, surfactant-like dispersants have been used 
to break down big oil slicks into small droplets. Thereby crude oil mixed with dispersant 
represents a well-defined mixture entity that warrants investigations of its health risks. 
Since reproductive stages of organisms are generally more sensitive to the effects of 
toxicants than other stages, investigation of crude oil-dispersant exposure effects on 
reproduction is critically important. However, studies on reproductive effects of crude oil-
dispersant mixture exposure and its mechanism remain insufficient. Our previous study 
showed that exposure to crude oil and dispersant induced reproduction defects 
including decreased brood size and increased germ cell apoptosis in Caenorhabditis 
elegans (C. elegans). Here, we show that crude oil-dispersant mixture also affected 
reproduction by inducing abnormal sperm during the process of spermatogenesis. After 
L4 larvae of wild type N2 hermaphrodites were exposed to several different dilutions of 
oil/dispersant mixture (20:1) for 24h, young adults were dissected and subjected to 
DAPI staining. Results showed that the abnormal immature sperm were significantly 
increased in the gonad arms of treated animals compared to controls (K-medium). We 
further explored the oil-dispersant mixture toxicity effects on spermatogenesis by using 
a male C. elegans strain. After 48h exposure to oil- dispersant mixture, spermatids 
appeared with abnormal morphology including irregular shapes of the spermatid 
membrane and unexpected tails induced by dispersed oil. Moreover we utilized puf-8; 
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lip-1 tumor sensitive strain to test the cell fate of immature sperm induced by Dis-Oil 
mixture treatment. Our study suggests that oil-dispersant mixture induce toxic effects on 
reproduction by not only affecting oogenesis but also affecting spermatogenesis.  
Introduction 
Crude oil or petroleum is a complex liquid chemical mixture containing hundreds of 
chemicals including different types of hydrocarbons and other organic compounds. 
Crude oil has complicated components and can be changed during weathering. The 
dispersant is also a mixture of dozens of chemicals which makes more oil components 
dissolve in water, working like detergent during the oil spill clean up. Therefore it is 
necessary to investigate the health impacts of dispersed oil as a mixture entity rather 
than based on the toxicological profile of individual chemicals.  
 Crude oil and dispersants potentially can induce various toxic effects due to their 
complicated components (Jernelov 2010, Peterson et al. 2003). They may induce acute 
toxicity like lethality or sub-lethal effects like developmental or behavioral defects 
(Cohen, McCormick, and Burkhardt 2014, Lari et al. 2015, Miljeteig et al. 2013) 
depending on the exposure scenario.  
Of all the toxic effects caused by chemical dispersed oil, the reproductive system 
is among the most vulnerable systems that has sensitive responses to many stressors. 
Research on marine organisms has found the crude oil causes a variety of significant 
defects in reproduction and development (Almeda et al. 2014, Couillard et al. 2005, 
Goodbody-Gringley et al. 2013, Rico-Martinez, Snell, and Shearer 2013, Studivan, 
Hatch, and Mitchelmore 2015). Hansen et al. (Hansen et al. 2015) found that the 
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reproduction dynamics were significantly affected by the chemically dispersed (CD) or 
mechanically dispersed (MD) oil in copepods. The two highest concentrations caused a 
lower initial production of eggs/nauplii for both MD and CD exposures. However, 
copepods exposed to MD oil exhibited compensatory reproduction during the last 10 
days of the recovery period, reaching control level of cumulative egg and nauplii 
production whereas individuals exposed to CD oil did not. Han and coworkers (Han et 
al. 2014) also showed that crude oil exposure resulted in oxidative stress-mediated 
dysfunctional development and reproduction in the copepod. Other researchers also 
found the embryogenesis defects and other reproductive toxicities in birds (Finch et al. 
2012) and mammals (Afonne, Onyiaorah, and Orisakwe 2013, Ebokaiwe et al. 2015). 
Afonne et al. (Afonne, Onyiaorah, and Orisakwe 2013) showed the Chevron Escravos 
crude oil and Emulsol L.W. oil dispersant caused acute testicular toxicity in guinea pigs. 
They suggested that stimulation of hormone production from the adrenal cortex, causing 
a negative feedback on gonadotropin-releasing hormone in the pituitary gland, 
suppresses spermatogenesis. However most of the researches require collecting field 
samples and/or tedious work to dose organisms with a long life cycle such as fish, 
which are inconvenient for collecting data and time consuming. 
The nematode Caenorhabditis elegans (C. elegans) has been used as a 
powerful alternative model organism in toxicology studies for several decades. Worms 
are very small (1mm in length for adults) and can be maintained in petri dishes at 
relatively low costs. The exposure of worms with a variety of chemicals can be 
performed on either solid agar or liquid media. It can grow to a fertile adult from an egg 
within approximate 72h whereas the time is much longer to reach mature age from 
	38	
several months to years in fish, birds or mammalian models. During reproduction, a 
single worm will lay between 250 and 350 embryo eggs through self-fertilization. 
Because of these large brood size and short life cycle, researchers generally use the 
brood size and the growth rate to evaluate reproductive and developmental toxicities 
(Boyd et al. 2010). C. elegans has become an excellent model to investigate the 
mechanism underlying reproductive toxicity also due to its large special germline 
gonads. The reproductive system of the C. elegans hermaphrodite has two U-shape 
gonads. From its distal end (close to distal tip cell) to its proximal end (close to the 
vulva), the gonad consists of mitotic cells, transition cells and meiosis cells, oocytes and 
sperm (Fig. 2-1). Therefore the processes of meiotic differentiation, ovulation, and 
fertilization are spatially and temporally coupled in the gonad, which allow researchers 
to observe all stages of germline cells in a single worm. In addition, because the worm 
body is transparent, all different stages of meiosis can be identified through the 
canonical changes in nuclear architecture and morphology and are easily visualized by 
DAPI nuclear staining. Furthermore, the worm genome has been completely sequenced 
and mapped so it is easily manipulated by mutation, RNAi treatment or editing through 
CRISPR-Cas9 system. Additionally, thousands of transgenic and mutant worm strains 
are available from the Caenorhabditis Genetics Center (CGC) at low cost. Due to all 
these advantages C. elegans has been an ideal alternative model organism of 
vertebrates for studying various issues in the development and reproduction including 
the toxicity effects of crude oil and dispersants on reproduction system. 
Our previous study showed that crude oil and the dispersant induced 
reproduction defects including decreased brood size (Zhang et al. 2013) and increased 
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germ cell apoptosis (Polli, Zhang, and Pan 2014) in C. elegans. In the present study, we 
are interested in investigating whether crude oil-dispersant mixture also affects 
reproduction by inducing abnormal sperm or other defects during spermatogenesis.  
Materials and Methods 
C. elegans cultivation 
The wild-type N2 and the male DR466 (him-5, e1490, V) strains of C. elegans were 
obtained from the Caenorhabditis Genetics Center. puf-8; lip-1 double mutant strain and 
mpk-1(gal11) was generously provided by the collaborator Dr. Myon-Hee Lee’s lab at 
Brody School of Medicine, East Carolina University. Worms were maintained at 20 ºC 
on NGM (Nematode-Growth-Medium)-agar-plates seeded with E. coli strain OP50 as 
food, according to the standard method previously described by Brenner (Brenner 
1974). Age-synchronous populations of L4 stage larvae were used. To obtain age-
synchronized cultures, eggs from 3-day-old mature adults plates were isolated via 
bleaching, followed by rinse with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 
1 M MgSO4, H2O to 1 liter. Sterilized by autoclaving), and the eggs were hatched and 
arrested at L1-stage larvae in M9 buffer without food. L1-stage larvae were allowed to 
grow to L4-stage larvae (~36 hours) on agar plates with E. coli OP50 as a food source 
at 20ºC.  
Oil and dispersant preparation 
Unweathered crude oil from the Macondo well was provided by BP and Corexit 9500A, 
the primary dispersant used, was provided by NALCO. The dispersant-oil mixture (Dis-
Oil) was made as follows: 20 volumes of crude oil and 1 volume of dispersant 
(according to the approximate proportion in commercial use) were vortex mixed, shaken 
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overnight in a reciprocating shaker at 120 rpm. The Dis-Oil mixture was then diluted 
with K-medium (0.032 M KCl and 0.051 M NaCl) to make dosing solutions. K-medium is 
a commonly used salt medium suitable for C.elegans aquatic toxicity testing (Ura et al. 
2002, Khanna et al. 1997). While performing dilution, the parent solution was intensively 
mixed by inverting the conical tube for 25 times and solutions were immediate taken 
from the middle of the mixed emulsion. 
Oil and dispersant exposure treatments 
Based on our previous study (Zhang et al. 2013), we found the L4-stage larvae is more 
sensitive to oil and dispersant compared to that of L1-larvae. Therefore in this study, we 
treated the wild type N2 L4-stage larvae with Dis-Oil mixture in 15ml centrifuge tubes for 
24hr and then rinsed with K-medium twice and collected the worms for the following 
assays. We chose 250X, 500X and 1000X dilution solutions of Dis-Oil as the treatment 
groups and K-medium alone was used as control. E.coli OP50 was added for feeding 
the worms. For each treatment we have performed at least three biological replicates. 
Morphology of spermatids in him-5 mutant 
The him-5 (DR466) male mutant was used to investigate effects on the size and shape 
of spermatids. Since the him-5 culture has approximately 33% males, after 
synchronization L1 larvae were grow to L4 on NGM and then L4 larvae of males were 
picked out for dosing. After 48 h exposure, a male him-5 mutant was put into a small 
drop (~15µl) of sperm medium solution (50mM Hepes, 1mM MgSO4, 25mM KCl, 45mM 
NaCl and 5mM CaCl2, pH7.0) on the microscope slide. By cutting the male’s tail, 
spermatids were released in sperm medium solution. Randomly five different visual 
fields for each male sample were captured under a DIC microscope (Zeiss Observer 
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Z1) and images were acquired with a CCD camera (Nikon, DS-Fi2).  
Morphology of activated sperm in vitro 
A spermatid can be activated in vitro to become a spermatozoa with pseudopod by 
adding various activating compounds including Pronase E (Nelson and Ward 1980). In 
this study, we used Pronase E to trigger spermatid activation due to its proteolytic 
activity. After exposing L4-larval him-5 males for 48h, spermatids released from 
dissected males in a small drop of sperm medium. Then a drop of 200µg ml-1 Pronase E 
was added to the sperm medium and wait for 5 min. The sample sperm were observed 
under a DIC microscope (Zeiss Observer Z1) and images were acquired with a CCD 
camera (Nikon, DS-Fi2).  
Immunohistochemistry 
For immunohistochemistry, gonads were dissected from the worm body and then fixed 
in 3% paraformaldehyde with 100 mM K2HPO4 (pH 7.2) for 10-60 min at room 
temperature, and post-fixed in 100% cold methanol for at least 5 min at -20 °C (Francis 
et al. 1995). Antibody incubations and washes were performed as following. After 
blocking for 1 h with 0.5% BSA in 1 × PBS (+ 0.1% Tween 20), fixed gonads were 
incubated for 2 h at room temperature with primary antibodies followed by 1 h at room 
temperature with secondary antibodies. DAPI (4′,6′-diamidino-2-phenylindole 
hydrochloride) staining followed standard methods. Fixed samples were incubated with 
100 ng/ml DAPI in PTW (PBS containing 0.1% Tween 20) for 5-10 min. After staining 
rinse with PTW twice and mount in VECTASHIELD® mounting medium. 
EdU staining 
 M9 buffer added with Tween-20 (1 microliter of Tween-20 for 10ml of M9) was 
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used for rinsing worms between different solutions and washing worms off the NGM 
plate. Briefly, around fifty worms were collected and incubated with 200 times dilution of 
10mM EdU for 30 min at room temperature. Then the worms were placed on NGM plate 
with OP50 for 15 min to remove excess EdU and then subjected to dissection and 
fixation in 3% PFA (Paraformaldehyde) for 10 min and in cold methanol (-20°C) for 10 
min. Blocking the dissected worms with extrude gonads in 0.5% BSA at room 
temperature for 30 min. EdU incorporation was revealed with Click-iT EdU Alexa 488 
Imaging Kit (Invitrogen). DAPI staining was applied just before making slides. 
mpk-1b RNAi in puf-8; lip-1 mutants 
RNAi experiments were performed by feeding bacteria expressing double strand RNAs 
corresponding to the gene of interest (Kamath et al. 2001). The mpk-1b isoform-specific 
RNAi bacteria were from Dr. Myon-Hee Lee’s lab. In my experiment, synchronized puf-
8; lip-1 L1-stage larvae were plated onto mpk-1b RNAi plates and allowed to grow two 
days to become L4-stage larvae. The L4 larvae were washed off the plates and 
separated into two groups. Worms for the Dis-Oil mixture treatment group were plated 
onto mpk-1b RNAi plates containing 100 µL 500X dilution of Dis-Oil mixture on the NGM 
agar. For the control group, worms were plated onto mpk-1b RNAi plates with 100 µL K-
medium on the NGM agar. The L4 puf-8; lip-1 mutants were continued to grow on the 
mpk-1b RNAi plates for several days. We sampled around 30 puf-8; lip-1 mutants from 
each treatment after two days, three days and four days from L4 larvae. All experiments 
were performed at 20 °C. Germline phenotypes were determined by staining dissected 
gonads with specific markers and/or DAPI.  
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Real-time Quantitative PCR 
Total RNA of each group was isolated according to the manufacturer’s protocol using 
the mirVanaTM miRNA Isolation Kit (Ambion, Austin, USA). The extracted RNAs were 
evaluated and quantified using the NanoDrop ND-1000 Micro-Volume UV/Vis 
spectrophotometer (NanoDrop Technologies, Wilmington, USA). One microgram of total 
RNA were used for reverse transcription to synthesize cDNA using the TaqMan 
microRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). PolyT were 
used as the reverse transcription primer. In brief, the reactions were run using a thermal 
cycler for 16°C for 30 min followed by 42°C for 30 min, 85°C for 5 min and finally held at 
4°C. The cDNAs were then diluted by adding 80 µL DNase/RNase-free water for qRT-
PCR. 
Real-time quantitative PCR amplifications were carried out using 10 µL of Real-
Time SYBR Green PCR master mix, 2 µL of diluted reverse transcription product, 2 µL 
of forward and reverse primer and 6 µL of DNase/RNase free water in a total volume of 
20 µL. Amplification was carried out on a 384-well-plate using the ViiA™ Real-Time 
PCR System (Applied Biosystem). The reaction program include initial polymerase 
activation at 95°C for 10 min, followed by 40 cycles of: 95°C for 15 sec denaturation, 
60°C for 60 sec for primer-specific annealing and elongation. After 40 cycles, a melting 
curve analysis was carried out (60°C to 95°C) to verify the specificity of amplicons. 
Y45F10D.4 was used as reference genes based on our previous studies (Zhang et al. 
2012, Zhang et al. 2013).  
Statistical Analysis 
Minitab 17 software was used for the statistical analysis. One-way ANOVA was used to 
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determine the significance of group differences. The rate of abnormal immature sperm 
and the rate of tumor formation were analyzed using the χ2 test. The probability level of 
0.05 was considered statistically significant. 
 
Results 
Chemical dispersed oil induced diploid immature sperm during the 
spermatogenesis 
Wild-type N2 C. elegans are hermaphrodite nematodes, which make sperm starting at 
L4 larval stage and switch to make oocytes in adulthood. Therefore for each adult wild-
type animal, all the sperm in spermatheca are supposed to be mature haploid sperm 
(Fig. 2-1 A). However when we used DAPI staining to investigate the germline 
phenotype after exposed to Dis-Oil mixture, abnormal immature spermatocytes were 
observed in the spermatheca (Fig. 2-1 B and Fig. 2-2) of the adult N2 animals. The 
abnormal immature sperm were bigger than the normal mature sperm and appeared 
brighter following DAPI staining (see the arrows in Fig. 2-2). The sp56 (sperm marker) 
antibody staining further confirmed they are immature sperm occurred at the 
spermatheca region (see the Fig. 2-3). 
In order to analyze the toxic effect of Dis-Oil mixture on spermatogenesis in C. 
elegans, we generated three test concentrations of Dis-Oil mixture based on our 
previous brood size assessment, which are 250X, 500X and 1000X times diluted from 
the original Dis-Oil mixture (1:20, V/V). K-medium only was used as the vehicle control 
solution. We collected wild-type N2 nematode at the L4 larval stage and exposed them 
in the above three treatment solutions as well as in control K-medium solution with 
OP50 as food for worms. After exposed for 24h, worms were picked out into a small 
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glass dish and then the worms were dissected under the microscope by cutting off the 
heads, and gonad(s) were extruded out of the worm body. Then the dissected gonads 
were applied fixing and DAPI staining. The proportion of “abnormal” gonads with 
immature spermatocytes (Fig. 2-2 & Fig. 2-4 A) and the average number of immature 
spermatocytes in one gonad (Fig. 2-2 & Fig. 2-4 B) were counted and calculated. The 
percentage of “abnormal” gonad  in 1000X, 500X and 250X dilutions of Dis-Oil mixture 
treatment groups were 56%, 83% and 97% respectively while that in control group was 
11%. All the Dis-Oil mixtures groups had significant higher proportions of “abnormal” 
gonads with immature sperm than those of in control group (Fig. 2-4 A) in a dose-
dependent manner.  
Dis-Oil mixture not only induced more “abnormal” gonads in the populations of 
N2 animals, but also induced significant larger number of immature spermatocytes in 
each gonadal arm in a dose-dependent manner (Fig. 2-4 A&B). As increase of Dis-Oil 
mixture concentration, more abnormal immature sperm were induced. The average 
number of immature sperm in one gonad in control group was 0.26 while that in 1000X, 
500X and 250X dilutions of Dis-Oil mixture exposure groups were 1.47, 4.61 and 7.25 
respectively. The results provide a mechanism explanation of our previous report 
(Zhang et al. 2013), which showed that the Dis-Oil mixture caused the decrease in 
offspring production in a dose-dependent manner. 
Chemical dispersed oil induced abnormal spermatids in him-5 
In order to further explore the toxic effect of Dis-Oil mixture on sperm properties, we 
utilized the male C. elegans him-5 (DR466) mutant stain to observe the spermatid 
morphology. The male animals could accumulate a large number of spermatids without 
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mating. In addition, because the male sperm are larger than the hermaphrodite animals, 
it is easier to observe and compare by using the DIC microscope. We chose 500X 
dilution of the original Dis-Oil mixture (1:20, V/V) to perform the experiments. After we 
exposed L4 male larvae to Dis-Oil mixture (500X) for 48hr, the morphology of the 
spermatids were observed under the microscope (Fig. 2-5). The normal spermatids in 
control group (Fig. 2-5 A) were almost round with smooth edges; however, Dis-Oil 
mixture exposure induced the formation of spermatids with abnormal shapes (see white 
arrows in Fig. 2-5 B) compared to the control group. Moreover some of the Dis-Oil 
mixture treated males had the spermatids with unexpected extended projections or tails 
(see yellow arrows in Fig 2-5 C). 
For the sperm activation assay, the him-5 males were exposed from L4-larval 
stage for 48h, and then males were dissected by cutting the tail. The released 
spermatids in sperm medium were exposed to Pronase E for 5 min, and then observe 
under the microscope (Fig. 2-6). We observed that in control group the sperm had 
longer pseudopods (see white arrow in Fig. 2-6 A) than those in Dis-Oil mixture 
treatment group (see yellow arrows in Fig. 2-6 B). That means the Dis-Oil mixture might 
affect the spermatids properties and further affect the activation of sperm and eventually 
affect the fecundity of C. elegans due to at least partially the abnormal sperm formation. 
Dis-Oil mixture induced aberrant expressions of spermatogenesis related genes  
Based on observed abnormal sperm in Dis-Oil-exposed wild-type N2 and him-5 mutant, 
we selected five genes related to spermatogenesis to investigate their expression by 
qRT-PCR, which are fer-1, spe-10, spe-11, spe-17 and cnb-1. The primers used are 
listed in Table 1. We use him-5 mutant strain that has lots of sperm for the gene 
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expression assays. After exposure to 500X dilution of Dis-Oil mixture from L4 for 48hr, 
of the five tested genes, expression levels of four (fer-1, spe-10, spe-11 and cnb-1) 
genes were significantly decreased when comparing to control (Fig. 2-7). The down 
regulation in gene expression were 1.58-fold for spe-10, 1.62-fold for spe-11, 1.90-fold 
for fer-1 and 2.26-fold for cnb-1, respectively (Fig. 2-7). The expression level of spe-17 
was not significantly changed compared with control, but still had the trend of down-
regulation (Fig. 2-7). 
Chemical dispersed oil induced proximal tumorigenesis in puf-8; lip-1 mutant 
The puf-8; lip-1 mutant, a sensitive strain to study the germ line “tumor”, was utilized. 
The puf-8; lip-1 mutants are Mog (Masculinization of Germline) at 20ºC, which produce 
excess sperm and will not switch to oogenesis. At 25ºC, they are Tum (Tumor 
phenotype); mitotic cells arise from dedifferentiation of immature primary and/or 
secondary spermatocytes at the proximal end of gonad (Cha et al. 2012). Therefore 
they are temperature sensitive and produce tumor-like (mitotic) cells at 25ºC. Here we 
investigated whether the Dis-Oil mixture can induce a tumor phenotype more frequently 
in the mutant than the control at 20ºC.  
We exposed the L4 larvae of the puf-8; lip-1 mutants in different dilutions of Dis-
Oil mixtures for longer time (from 2 days to 4 days) because we tried to investigate the 
fate of induced immature sperm which may take longer time to undergo dedifferentiation 
to become tumor-like cells from immature sperm. As shown in Fig. 2-8, in control group 
there were excess mature sperm at the proximal end of the gonad (Fig. 2-8 A, DAPI 
staining) at 20ºC, but in Dis-Oil mixture treatments, at the proximal end, gonads had the 
mitotic cell morphology, which was only observed at the distal end of the gonad in 
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control at 20ºC (Fig. 2-8 B, DAPI staining). The appearance of mitotic cells at the 
proximal end is considered tumor-like phenotype (Subramaniam and Seydoux 2003, 
Datla et al. 2014). We further confirmed those tumor-like cells or stem cell-like cells had 
actual active mitotic properties by using EdU (newly synthesized DNA marker) staining 
(See Fig. 2-9). Results showed EdU staining positive for the proximal mitotic cells, 
indicating the tumor-like (active proliferating) property of these dedifferentiated cells. 
For statistical analysis, we counted and calculated the percentage of gonads with 
“tumor-like” cells. We called it “tumor formation rate” (Fig. 2-10). After exposure to Dis-
Oil mixture, the tumor formation rate increased in all treatment groups compared with 
control in day 3 and day 4 (Fig. 2-10). It showed that after 3 days of exposure both 
1000X and 500X dilution groups had significant (p < .05) increased “tumor-like” 
phenotype gonads (11.2% and 6.3% respectively) compared to control (1.5%). After 4 
days of exposure both 1000X and 500X dilution groups had significant (p < .05) more 
“tumor-like” phenotype gonads (14.2% and 17.7% respectively) compared to control 
(2.1%). For the control group, in days 2, 3, and 4 the changes in tumor formation rate 
was not significant. In the 1000X dilution group, the tumor formation rates in days 3 and 
4 were significantly greater than that in day 2 (p < .05, Fig. 2-10). Similarly the tumor 
formation rate in 500X dilution group also showed a time-dependent increase. The 
tumor formation rate in day 4 was significantly higher than that in days 2 or 3. The 
results indicated that the Dis-Oil mixture has the potential to induce tumorigenesis in the 
germline.  
Dis-Oil mixture may induce germline immature sperm through MAPK-independent 
pathway 
The mitogen-activated protein kinase (MAPK) cascade is a highly conserved module 
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involved in controlling different developmental processes in C. elegans, including vulval 
development, sex myoblast migration and germline meiosis, among other pathways. In 
order to explore the underlying molecular mechanism of how Dis-Oil mixture can induce 
the germline immature sperm and how the diploid sperm undergo dedifferentiation to 
form tumor cells, we hypothesize that the chemically dispersed oil may induce abnormal 
spermatogenesis and cause dedifferentiation through the activation of MAPK signaling 
pathway (Fig. 2-11).  
 To test our hypotheses, first of all we used RNAi approach to knock down the mpk-
1 gene in the puf-8; lip-1 mutant background and recorded the tumor rate and sterile 
rate of gonads after exposure to 500X dilution Dis-Oil mixture. The results showed that 
with the down-regulation of mpk-1, the tumor phenotype was no longer seen in the 
germline of puf-8; lip-1 mutants both with and without Dis-Oil exposure (Table 2). The 
mpk-1 gene is critical for transition to oogenesis from spermatogenesis and puf-8; lip-1; 
mpk-1RNAi mutants can produce oocytes normally and thus no more tumor phenotype 
was seen. It suggests that the highly expressed mpk-1 in puf-8; lip-1 mutants may 
induce tumorigenesis by undergoing dedifferentiation of diploid immature sperm. In 
other words, the Dis-Oil induced germline tumor in puf-8; lip-1 mutants may be derived 
from diploid immature sperm and not from distal mitotic cells or other type of cells.  
 Previous studies showed that higher temperature of 25ºC may induce germline 
tumors by activation of RAS/MAPK signaling in puf-8; lip-1 mutants. We proposed Dis-
Oil might also induce tumorigenesis by increasing the activities of RAS/MAPK signaling 
pathway. Therefore, we tested the MAPK expression level by using antibody staining 
with Anti-MAPK(YT) Antibody to show diphosphorylated MAPK expression and with 
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Anti-mpk-1 antibody to show total MAPK expression in wild type N2, him-5 (both males 
and hermaphrodites) and puf-8; lip-1 mutants. All the worms were dissected after 24hr 
exposure to Dis-Oil mixture. For the total MAPK expression, we didn’t see any 
differences in terms of fluorescence intensity between the Dis-Oil treated worms and the 
control ones in all three different strains (data not shown). Similarly, we didn’t see any 
differences of diphosphorylated MAPK expression in both wild type N2 and him-5 
strains (data not shown). However, we did find diphosphorylated MAPK expression 
differences in puf-8; lip-1 mutants exposure to Dis-Oil mixture treatment (see Fig. 2-12). 
The findings suggest that the Dis-Oil might only cause the up-regulation of 
diphosphorylated MAPK in puf-8; lip-1 strain, which accumulates more immature 
spermatocytes. We didn’t see the increased diphosphorylated MAPK in wild type N2 or 
him-5 males might because there were just a few immature spermatocytes induced by 
Dis-Oil and was below the minimal level detected by antibody staining. However 
increased activity of diphosphorylated MAPK was observed for worms exposed by Dis-
Oil in puf-8; lip-1 mutants which had enlarged germline meiotic pachytene regions. 
 In addition to the antibody staining assays, we also used qRT-PCR to examine the 
mRNA level of several key regulators involved in the RAS/MAPK signaling pathway in 
wild type N2 strain (Fig. 2-11, Fig. 2-13 & Table 2-1). As shown in Fig. 2-13, the let-60 
(Ras) was up regulated significantly in Dis-Oil mixture exposed worms than in control 
ones, while expression of rskn-1, the downstream target of mpk-1 (MAPK), was reduced 
significantly. However, the mRNA levels of lin-45 (Raf), mek-2 (mek) and mpk-1 (MAPK) 
were not significantly changed. The Dis-Oil didn’t cause significantly changed mpk-1 
expression at the mRNA level in the N2 strain. Coupled with the results of antibody 
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staining with both total MAPK and diphosphorylated MAPK, it suggests that the Dis-Oil 
mixture may induce diploid immature spermatocytes in a MAPK-independent pathway. 
Some other cell cycle regulators that account for meiosis progression might be affected 
by Dis-Oil mixture exposure, which in turn cause delayed spermatogenesis during 
germline meiosis progression.  
 In order to further explore whether the Dis-Oil mixture can induce abnormal mpk-1 
expression, we utilized the mpk-1 (temperature sensitive) mutant strain to do the Dis-Oil 
exposure experiment. Mpk-1 will totally be knocked down when the temperature rises to 
25ºC and worms will become sterile since the mpk-1 is critical for spermatogenesis and 
meiosis will be arrested in the pachytene stage. Therefore we conducted the 
experiments at 20ºC and 22.5ºC to record the sterile rate of gonads. As shown in Fig. 2-
14, the Dis-Oil mixture exposure didn’t induce up- or down- regulation of mpk-1 
significantly based on the sterile rate phenotype. It suggests again the Dis-Oil mixture 
might not directly affect the expression and its activity of mpk-1. However, we found 
again more immature spermatocytes in Dis-Oil mixture treatments in mpk-1 mutants. 
The observed diploid immature spermatocytes in both N2 and mpk-1 mutants when 
exposed to Dis-Oil mixture might not directly caused by up- or down- regulation of mpk-
1 but by other cell cycle regulators. Therefore the up-regulation of diphosphorylated 
MAPK observed in puf-8; lip-1 mutants might just happen because this specific strain 
tends to accumulate more immature spermatocytes, which are induced by affecting the 
cell cycle regulators in meiosis progression.  
 The accumulated diploid immature spermatocytes in puf-8; lip-1 mutants, tumor 
sensitive stain, possess more opportunity to undergo dedifferentiation and become 
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tumor-like cells. The immature spermatocytes in wild type N2 may not have a chance to 
form tumor because the percentage of immature spermatocytes was low and the 
immature sperm might be pushed out of the gonad during the ovulation and egg laying 
stages. 
Discussion 
In previous work, we found both the crude oil and the dispersant had negative effects on 
reproduction (Zhang et al. 2013) Notably, the chemical dispersant potentiated crude oil 
effects, evidenced by Dis-Oil mixture induced more significant reduction of reproduction 
than oil or dispersant-alone exposures (Zhang et al. 2013).  It has also been reported 
that the chemical dispersed crude oil exhibited more inhibition on reproduction in 
copepods than the mechanically dispersed crude oil (Hansen et al. 2015). Notably, our 
finding that chemical dispersant could induce reproduction inhibition significantly in a 
dose-dependent manner which is consistent with what later observed fertotoxicity in the 
mammalian in vitro follicle growth (IVFG) model system (Xu et al. 2015). By using the 
IVFG assay for female reproductive toxicity screening, Xu and colleagues (Xu et al. 
2015) found that the dispersant Corexit EC 9500 A(CE) affected follicle survival and 
altered follicle morphology and cellular differentiation. They indicated that the CE 
exposure affected follicle hormone production and caused meiotic defects in the oocyte. 
They also argued that the cell line or organotypic test system from reproduction organ 
was more sensitive than those from somatic or cancer cell lines. It again suggests that 
reproduction system is more sensitive to environmental chemical exposure. Therefore 
the nematode C. elegans is an ideal animal model to investigate the reproductive 
toxicity, which had been shown to give results consistent with more complex animals, 
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including mammals. 
The cause of reproductive toxicity is complex involving many factors. It would be 
developmental growth defects or the overall abnormal homeostasis that eventually 
leads to oogenesis, spermatogenesis, embryogenesis and/or other defects. In order to 
explore the underlying mechanism of reproduction reduction caused by Dis-Oil mixture, 
I worked with other colleagues to conduct experiments for assessing germline apoptosis 
during oogenesis and found that chemical dispersed crude oil amplified germ cell 
apoptosis in C. elegans and it followed a cep-1/p53 dependent pathway (Polli, Zhang, 
and Pan 2014). Genes involved in the apoptosis pathway were dysregulated. Many 
aberrant expressed genes encode for core components in apoptosis machinery (cep-
1/p53, ced-13/BH3, ced-9/Bcl-2, ced-4/Apaf-1, and ced-3/caspase) displayed consistent 
expression patterns across all exposure levels. Significantly ced-3/caspase was 
upregulated at all dispersed oil-treated groups, consistent with the observed apoptosis 
phenotype. It suggests that the Dis-Oil mixture might cause DNA damage that leads to 
increased programmed cell death during oogenesis. 
In the present study, we found that Dis-Oil mixture exposure also caused abnormal 
sperm during spermatogenesis. First, by DAPI staining, we found that germ cells in Dis-
Oil mixture treatment groups contain immature sperm in the spermatheca region at the 
proximal end. Other cell types in treatment groups looked normal as in controls, which 
include mitotic cells at the distal end and followed by the transition zone, meiotic cells 
and oocytes (Fig. 2-1, Fig. 2-2). It suggests that Dis-Oil mixture caused some of the 
spermacytes failing to divide into haploid mature sperm, which consequently may affect 
sperm production during the spermatogenesis. Significantly, the percentage of gonad 
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with immature sperm and the average number of immature sperm in one gonad 
increased in a dose-dependent manner. The results were consistent with our previous 
studies (Zhang et al. 2013), which showed that the Dis-Oil mixture cause the decrease 
in offspring production in a dose-dependent manner. 
Although increasing abnormal sperm had been found in high concentration of Dis-
Oil mixture, it only represented a small percentage of immature sperm in total sperm in 
the spermatheca (1-7/250), which should not cause significant reduction of offspring. 
However sperm that appeared as normal mature haploid ones may have functional 
defects that cannot be detected based on DAPI staining. Therefore we utilized the male 
strain him-5 to further test sperm properties and functions. Because the sperm in him-5 
male are bigger than that in hermaphrodites, it is easier to observe the size and 
morphology of spermatids of males under the DIC images. Significantly the Dis-Oil 
mixture treated him-5 males produced a large number of irregular shaped spermatids 
than that of control which are smoothing spherical spermatids (Fig. 2-5). Some of 
spermatids in Dis-Oil treatment showed abnormal extended projections or tails, which 
was not observed in controls (Fig. 2-5). A spermatid needs to develop into spermatozoa 
to acquire its fertility function. The process of formation of spermatozoa from a 
spermatid through post-meiotic differentiation is called sperm activation or 
spermiogenesis. The spermatids be activated to become spermatozoa in vitro by adding 
Pronase E, therefore we continued to explore whether the Dis-Oil mixture can affect the 
sperm activation in vitro. We found that the Dis-Oil mixture exposure adversely affects 
sperm activation, thereby may result in malfunctional sperm (Fig. 2-6). It was shown that 
sperm functions were affected due to abnormal spermatid morphology and/or failure in 
	55	
sperm activation (Ruan et al. 2012). In summary, our findings suggest that the Dis-Oil 
mixture caused the sperm defects via various mechanisms that may eventually affected 
fecundity. 
To further investigate the molecular mechanisms underlying spermatogenesis 
defects, we selected five genes that related to spermatogenesis and sperm activation to 
measure the expression levels. Of the five selected genes, four of them (fer-1, spe-10, 
spe-11 and cnb-1) showed significant down-regulation in Dis-Oil mixture treatment 
group. spe-10 is required for the proper biogenesis and functioning of specialized Golgi-
derived fibrous body-membranous organelle (FB-MO) complexes during spermatid 
formation (Gleason et al. 2006). cnb-1 is required for maintenance of sperm morphology 
and brood size (Bandyopadhyay et al. 2002). Our findings suggest that Dis-Oil mixture 
regulates sperm development related genes, which may result in abnormal spermatids 
and sperm activation failure. fer-1 is a regulator of membranous organelle fusion and is 
required during spermatogenesis for calcium-mediated fusion of membranous vesicles 
with the spermatid plasma membrane, a process which promotes development of 
spermatids into motile spermatozoa (Washington and Ward 2006). spe-11 is required 
for early embryonic development and for regulating the dynamic morphology of sperm 
pseudopods (Royal et al. 1997). The findings suggest that the significant down 
regulation of fer-1 and spe-11 by Dis-oil treatment may affects sperm activation. It also 
suggests that the Dis-Oil mixture might affect the spermatid properties by preventing the 
proper biogenesis of FB-MO complexes and affect the sperm activation by inhibiting the 
pseudopod formation. 
In mammals, it also reported that the crude oil induced alteration in testicular stress 
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response proteins and caspase-3 dependent apoptosis in albino Wistar rats (Ebokaiwe 
et al. 2015). Another study conducted by Afonne et al (Afonne, Onyiaorah, and 
Orisakwe 2013) found a dose-dependent decrease in the number of epididymal sperm 
following crude oil and chemical dispersant treatment. In addition, sperm motility and 
morphology were altered in the treated animals. For humans, it was suggested that 
crude oil may be a contributing factor for the ~ 12 million infertile population in the oil-
rich Nigeria (Cates, Farley, and Rowe 1985, Orisakwe et al. 2004). Our studies 
supported that the crude oil and chemical dispersant can induce the spermatogenesis 
defects. 
We also asked what’s the fate of those immature diploid sperm? Is it a signal for 
tumorigenesis? The immature sperm might undergo dedifferentiation and 
reprogramming to mitotic cells that have the ability to proliferate themselves and lead to 
tumors or cancer (Subramaniam and Seydoux 2003, Datla et al. 2014, Cha et al. 2012). 
If this is the case, the Dis-Oil mixture may not only affect brood size, but also may 
induce gonadal tumorigenesis in the F0 generation. There have been lines of evidence 
that PAHs (poly aromatic hydrocarbons) components are carcinogenic (Mollerup, 
Ovrebo, and Haugen 2001, Shugart, Holland, and Rahn 1983, Zhou, Dai, and Gu 2003) 
and the crude oil containing various PAHs that can be uptake and accumulate in a 
variety of different organisms (Perez-Cadahia et al. 2004, Ramachandran et al. 2004, 
Ramachandran et al. 2006, Zeigler and Robbat 2012). It is possible that the PAHs in 
crude oil are also pose carcinogenic risks on the reproduction system and cause 
gonadal tumors in C. elegans. 
In order to reveal that whether those diploid sperm cells will continue to 
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proliferate and become tumor-like or stem cell-like cells or just will degrade in germ line, 
we utilized a tumor formation sensitive strain puf-8; lip-1 that has been used as a model 
system to study carcinogenesis in C. elegans (Datla et al. 2014). PUF-8 (Pumilio and 
FBF family of RNA-binding protein) and LIP-1 (lateral-signal-induced phosphatase) 
proteins suppress the dedifferentiation of spermatocytes into germline tumors. Most puf-
8;lip-1 double mutants are Mog (Masculinization of Germline) phenotype (Bachorik and 
Kimble 2005) at 20ºC,  which produce excess sperm and will not switch to oogenesis. 
When the temperature is increased to 25ºC, puf-8;lip-1 double mutants display the 
tumor phenotype, in which  tumor cells derived from unsuccessful meiosis completion 
and the immature sperm underwent dedifferentiation and become mitotic cells. We 
utilized puf-8; lip-1 tumor sensitive strain to investigate the fate of Dis-oil induced 
immature diploid spermatocytes. It showed that diploid spermatocytes might have the 
potential to undergoing dedifferentiation to become tumor-like cells or stem cell-like cells 
which can self-proliferate. 
We further confirmed those tumor-like cells or stem cell-like cells have actual 
active mitotic properties by using EdU (newly synthesized DNA marker) staining (See 
Fig. 2-9). The results showed EdU staining positive in 500X dilution of Dis-Oil mixture 
treatment. This demonstrates that these dedifferentiated cells in the proximal end of 
gonad are tumor-like, and have the ability to proliferate and cause tumors in the C. 
elegans gonad. Combined with findings in N2 strain, which demonstrated that Dis-oil 
induced immature diploid sperm, it suggested that the tumorous cells in puf-8; lip-1 may 
be derived from the diploid sperm dedifferentiation. It suggests that Dis-Oil mixture 
might have the potential carcinogenic effects on the reproduction system of the 
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nematode. Previous studies also showed that it contains the carcinogenic chemicals in 
the components of the crude oil (such as PAHs) (Collins et al. 1998, Olson, Meyer, and 
Portier 2016, Wickliffe et al. 2014). A recent study showed that there was a threefold 
increase in the kidney cancer risk for exposure to hydrocarbons in crude oil (Anttila et 
al. 2015). In addition, 2-Butoxy Ethanol, present in dispersant, may be a carcinogen that 
can induce liver damage and liver tumors based on the studies in mice and rats 
(National Toxicology 2000, Park, Kamendulis, and Klaunig 2002).  
In summary, our study suggests that the oil-dispersant mixture induced toxic 
effects on reproduction by not only affecting oogenesis but also affecting 
spermatogenesis. Furthermore abnormal sperm induced by dispersed oil may become 
tumorous and produce gonadal tumors.  
Since C. elegans has conserved genetic and biochemical pathways involved in 
germline gametogenesis with many organisms including humans, the Dis-Oil mixture 
may also induce immature sperm and those immature sperm have the potential risk to 
become tumor-like cells in human and poses carcinogenesis risk.  
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Scheme of adult hermaphrodite germline. A: Normal adult hermaphrodite germline. This 
organization is typical of wild-type animals. DTC (distal tip cell) is a single somatic cell, 
which provides a niche for maintaining germline stem cell. In the mitosis region, the 
germ cells are undergoing proliferation. Germ cells switch from the mitotic cell cycle into 
the meiotic cell cycle as they enter into the “transition zone” (TZ). Mature sperm are 
made in larvae while oocytes are made in adults. B: Scheme of abnormal immature 
spermatocytes in sperm region (spermatheca). Based on DAPI staining, the immature 






Fig. 2-2  
Oil and dispersant mixture affect the spermatogenesis progression (L4 larvae of N2 
hermaphrodites were exposed to 500x dilution of Dis-Oil mixture solution for 24hr). Dis-





Fig. 2-3  
sp56 antibody staining. N2 worms were treated by 500X dilution of Dis-Oil mixture from 
L4 stage for 24h. Here showed the sperm region of dissected gonads. A: The red color 
is DAPI (showed the DNA); B: The green color showed expression of sp56 (sperm 
marker); C: The merged image of A and B. Arrows point to immature diploid sperm. 
	
 
Fig. 2-4  
Effects of different dilutions of Dis-Oil mixture on C. elegans germline development. A. 
Proportions of gonad with immature diploid sperm. B. Average number of immature 
sperm in one gonad for those abnormal gonads with immature sperm. Germline 
immature sperm were determined by cellular morphology and DAPI staining of 
dissected gonads. (n=90 in control, n=86 in 1000X, n=90 in 500X and n=87 in 250X 
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groups). Error bars represent standard deviations. Different letters above the error bars 
indicate statistically significant different means at p < 0.05 level. 
	
Fig. 2-5  
The morphology of spermatids of L4-larval him-5 males cultured in the control K-
medium (A) and in 500X dilution of Dis-Oil mixture (B) for 48hr. Spermatids were 
dissected by cutting the tail of males in a drop of sperm medium solution on a 
microscope slide. Images were captured under a DIC microscope (Zeiss Observer Z1) 
with a CCD camera. White arrows point to the irregular shape of spermatids compared 







Fig. 2-6  
The morphology of sperm of L4-larval him-5 males in the control (A) and in 500X 
dilution of Dis-Oil mixture exposed group (B) (X 400). Adding pronase E for 5 min after 
dissection male tail in sperm medium solution activates sperm. White arrows point to 





Fig. 2-7  
Relative mRNA expression levels of genes involved in spermatogenesis progression. 
Bars represent means ± SD. *p < 0.05 vs the control group. 
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Fig. 2-8  
Oil and dispersant mixture caused proximal tumorigenesis in puf-8; lip-1 mutant. A: 
control (K-medium); B: 500X dilution of oil-dis mixture treatment for 3 days. White arrow 
showed the proximal “tumor-like” cells of the germline. The blue line showed mitosis 
region; the green line showed the meiosis region; the yellow color showed the sperm 






Fig. 2-9  
EdU staining of Dis-Oil mixture treated puf-8; lip-1 mutant. Worms are exposed to 500X 
Dis-Oil mixture for 3 days from early L4 stage. A: The red color showed DAPI; B: The 
green color showed the newly synthesized DNA (EdU). The “tumor-like” cells at the 
proximal end of gonad had the green signal (EdU positive) as those cells at the distal 
mitotic region. The blue line showed mitosis region; the green line showed the meiosis 
region; the yellow color showed the sperm region and the white color showed the 
proximal “tumor-like” cells undergoing mitosis. The gonad shown here had its distal 





Fig. 2-10  
Percentage of tumor-like cells found in puf-8; lip-1 mutant strain. L4 larvae were 
exposed to control (K-media), 1000X, 500X dilution of Dis-Oil mixture for 2 days, 3 days 
and 4 days. (Day2: n=132, 129 and 120 in control, 1000X and 500X dilution of Dis-Oil 
mixture respectively; Day3: n=137, 143 and 159 in control, 1000X and 500X dilution of 
Dis-Oil mixture respectively; Day4: n=144, 169 and 175 in control, 1000X and 500X 
dilution of Dis-Oil mixture respectively. n is the total number of observed gonads.) Chi-
square test was used to compare each treatment groups. * indicate the Dis-Oil mixture 





Fig. 2-11  
MAPK pathway and spermatogenesis/dedifferentiation. In general, MPK-1/MAPK/ERK 
is activated by phosphorylation of specific tyrosine and threonine residues of dual-
specificity protein kinase MEK-2/MEK (MAPKK). MEK-2/MEK is in turn activated by 
phosphorylation of serine and serine/threonine residues by upstream LIN-45/RAF 
(MAPKKK). The activated Ras (Ras-GTP) activates the protein kinase activity of RAF 
kinase. In C. elegans, MAPK/MPK-1 may activate its downstream regulator RSKN-1 or 
other MAPK targets to induce dedifferentiation. Other MAPK-independent regulators 
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such as cell cycle regulators may contribute to the abnormal spermatogenesis and raise 




Fig. 2-12  
Anti-MAPK(YT) Antibody staining. Puf-8; lip-1 mutants were treated with Dis-Oil mixture 
at L4 stage for 24 h. A: Control; B: 500X Dis-Oil Mixture. Diphosphorylated-MAPK are 




Fig. 2-13  
Gene expression fold changes of the genes involved in MAPK pathway.  Fold changes 
are relative to a control value of one. Values greater than one are classified as up-
regulation; values less than one are classified as down-regulation.  The fold changes on 
the Y-axis are based on a logarithmic scale with a base value of 2.  Bars represent 







Fig. 2-14  
Sterile rate of mpk-1(gal11) temperature sensitive stain. The mpk-1(gal11) mutants 
were exposed with 500X Dis-Oil mixture at L4 stage for 24h at two temperatures: 20ºC 


















Table 2-1. Information of selected spermatogenesis related genes and MAPK pathway 
involved genes 
Gene Forward primer Reverse primer Le
ngt
h 
fer-1 ACCACGGAAACCCATCAACT GCACAAGCTTCACAAGGGTC 19
3 
spe-10 CACCCAGGATGGTCTGCATT TTGCGCACGTTTTGTAGTGC 82 
spe-11 CATCGGTGTTCCAATGGCTC TCGCTCCTGCTTCCTGATAC 16
3 
spe-17 TATGGAGTTGGCTCGTTGCG ACGTTCTCAACTTCCGAGCC 16
3 
cnb-1 TTGCATTCCGCATCTACGAC TGTGCTCAACGACATCACAA 19
8 
let-60 CATGAGGACAGGCGAAGGAT CTCGCGGTAGTTAGCGACAT 82 
mek-2 TAATGGACCTCCGCCAACAC GGGTTGCTCGTTCACTTGGA 101 










Table 2-2 The tumor rate and fertile rate of puf-8; lip-1; mpk-1RNAi 
puf-8;lip-1 day tumor% mog% fertile% Total n 
vector no Dis-Oil 2 12.12 87.88 0.00 33 
vector with Dis-Oil 2 9.09 90.91 0.00 44 
mpk-1 RNAi no Dis-Oil 2 0.00 0.00 100.00 25 
mpk-1 RNAi with Dis-Oil 2 0.00 4.35 95.65 23 
vector no Dis-Oil 3 9.09 87.88 3.03 33 
vector with Dis-Oil 3 23.33 76.67 0.00 30 
mpk-1 RNAi no Dis-Oil 3 0.00 0.00 100.00 34 
mpk-1 RNAi with Dis-Oil 3 0.00 0.00 100.00 25 
vector no Dis-Oil 4 26.47 73.53 0.00 34 
vector with Dis-Oil 4 42.31 53.85 3.85 26 
mpk-1 RNAi no Dis-Oil 4 0.00 0.00 100.00 21 










Chapter 3: Oil/dispersant induced the aberrant expression of miRNAs in C. 
elegans: implications for reproductive toxicity 
Abstract 
The BP oil spill is among the most severe environmental disasters in US history. The 
nematode Caenorhabditis elegans (C. elegans) has been a useful tool for 
environmental toxicity studies. In a previous study, we found the crude oil and/or 
dispersant induce growth inhibition and offspring reduction in C.elegans. At the 
molecular level, microRNA-mediated gene silencing has emerged as a fundamental 
regulatory mechanism of gene expression in many biological processes. However, 
miRNAs-mediated gene regulation in response to major pollution events is poorly 
understood. Here we systematically investigated a total of 231 microRNA expression by 
using qRT-PCR and analyzed the expression profile of miRNAs in C. elegans in 
response to oil-alone, dispersant-alone and the mixture of oil and dispersant. 
TargetScan6.2 and Miranda were applied to predict the targets of differentially 
expressed miRNA genes in each treatment individually. Then, a further target function 
analysis was performed based on the KEGG pathway database. The aberrant 
expression of miRNAs was induced and KEGG pathway enrichment analyses indicated 
that those significantly changed miRNAs affect many biological processes in 
C. elegans. Many affected pathways are related to environmental information 
processing, such as ABC transporters, MAPK signaling pathway, Erbb signaling 
pathway, JAK-STAT signaling pathway, MTOR signaling pathway and calcium-signaling 
pathway. Some pathways are related to oil uptake and metabolism, such as 
endocytosis, fatty acid biosynthesis and the phosphatidylinositol signaling system. 
Based on the genome-wide investigation of microRNA profile, it suggests that C. 
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elegans may respond to environmental stimuli, like oil, dispersant and oil-dis mixture 
and activate many pathways. These pathways are related to many important biological 
processes, such as cell cycle, cell proliferation, differentiation and apoptosis. Since the 
currently identified proteins and microRNAs in C.elegans show remarkable conservation 
with mammals including humans, the oil/dispersant may also induce similar change in 
microRNA expression and affect many biological processes. 
Introduction 
    The Deepwater Horizon (DWH) oil spill (also known as the BP oil spill or the Gulf of 
Mexico oil spill) released 4.9 million barrels of crude oil into the north-central Gulf of 
Mexico over a period from 20 April 2010 through 15 July 2010 (Torres et al. 2003), 
resulting in large-scale environmental pollution with significant economic, environmental 
and human health impacts. The chemical dispersants, mixtures of solvents and surface-
active agents, have been widely used to rapidly disperse spilled crude oil. By reducing 
the interfacial tension, dispersants enhance the breakdown of large oil slicks or oil 
sheen into smaller droplets that stabilize in water. Dispersant facilitates natural 
degradation and prevents the oil from spreading and contaminating shorelines and 
wetlands. In response to the DWH oil spill, approximately 2.1 million gallons of 
dispersants (primarily Corexit® 9500A) were applied to the surface water and around 
the wellhead (Allan et al. 2012). The scope of DWH oil spill and the additional 
dispersant use were unprecedented and prompted interests in understanding the 
toxicity of crude oil and the consequences of using dispersants to clean up oil spills. 
Recently, several field and laboratory studies showed the crude oil might cause 
toxic effects on different animals. The class of polycyclic aromatic hydrocarbons (PAH) 
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compounds in crude oil, such as benzo[a]pyrene and fluoranthene, have been well 
known as potent genotoxic and carcinogenic agents (Bispo et al. 1999; HHS 1995).  
PAHs present in oil also causes immunotoxicity in a variety of animals, including fish, 
birds, and mammals (Barron 2012). In history, chemical dispersants were used on 18% 
of oil spills between 1995 and 2005 based on the report from Chapman et al. (Chapman 
et al. 2007). For the toxic effects of dispersant, two recent studies on the chemical 
dispersant Corexit 9500A, the primary dispersant applied during the DWH spill, 
suggested immunotoxicity and neurotoxicity in rodent models (Anderson et al. 2011; 
Sriram et al. 2011).  
Reproductive stages of organisms are suspected of being more sensitive to the 
effects of environmental pollutants than other stages, investigation of crude 
oil/dispersant exposure effects on reproduction is critically important. Our previous study 
showed both the crude oil and the dispersant had the negative effects on the growth 
and reproduction in Caenorhabditis elegans (C. elegans). Also we found that dispersant 
potentiated the toxicity of crude oil on C. elegans growth and reproduction. Others 
studies also showed that dispersants enhance the toxic effects of crude oil (Goodbody-
Gringley et al. 2013; Lee et al. 2013; Rico-Martinez et al. 2013). However, the 
underlying molecular mechanisms of how oil and dispersant can cause reproduction 
toxicity still remain unknown. In this study, we employed the model organism C. elegans 
to investigate impacts of crude oil/dispersant exposure on reproduction and underlying 
microRNA-mediated molecular mechanisms.  
C. elegans is the first multicellular eukaryote to have its genome completely 
sequenced (1998). The genome of C. elegans showed a high level of conservation with 
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those of vertebrates (Cutter et al. 2009); approximately 60%–80% of C. elegans genes 
are conserved with humans (Vella 2005). Currently the 447 (updated 2016-3-22) 
identified microRNAs in C.elegans also show remarkable conservation with those of 
mammalians, including humans(Vella and Slack 2005). All these advantages greatly 
facilitate the dissection of miRNA-mediated genetic mechanisms underlying 
reproductive defects after environmental crude oil/dispersant exposure. However, 
miRNAs-mediated gene regulation in response to major pollution events is poorly 
understood. 
MicroRNA-mediated gene silencing has emerged as a fundamental regulatory 
mechanism of gene expression in many biological processes. miRNAs inhibit gene 
expression by binding to specific sites located in the 3’ untranslated region (UTR) of 
their target mRNAs. It is predicted that more than 30% of protein-coding genes are 
regulated by miRNAs (Lewis et al. 2005; Xie et al. 2005). MiRNAs act as regulatory 
switches for reproduction and development, controlling developmental timing, signal 
transduction, cell fate, and apoptosis. Aberrant expression of miRNAs has been 
observed in developmental defects (Pearson et al. 2005), cancers, and xenobiotic 
responses (Berezikov et al. 2006; Johnson et al. 2005; Kosik 2006; Zhang et al. 2007). 
Current literature shows that miRNA regulation of gene expression might be affected by 
environmental chemicals such as heavy metals, bisphenol A, nanoparticles, cigarette 
smoke and air pollution(Avissar-Whiting et al. 2010; Badrnya et al. 2014; Bollati et al. 
2010; Fossati et al. 2014; Hou et al. 2016; Huang et al. 2014; Huang et al. 2015; Momi 
et al. 2014; Vucic et al. 2014). It suggested miRNAs could be novel biomarkers for 
environmental exposure(Chaudhari et al. 2016; Hou et al. 2011; Jardim 2011; Vrijens et 
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al. 2015). However, study on miRNA-mediated mechanism after environmental toxicant 
exposures has still been insufficient. No study has reported microRNA expression 
modifications related to crude oil/dispersant exposure. In this study, we aims to address 
this knowledge gap by using the DWH oil spill to understand the effects of 
environmental crude oil exposure on the miRNA regulatory mechanisms of reproductive 
toxicity. 
Materials and Methods 
C. elegans cultivation 
The wild-type N2 strain of C. elegans was obtained from the Caenorhabditis 
Genetics Center. Worms were maintained at 20 ºC on NGM (Nematode-Growth-
Medium)-agar-plates seeded with E. coli strain OP50 as food, according to the standard 
method previously described by Brenner (Brenner 1974). L4 stage larvae from an age-
synchronized culture were used in the experiments. To obtain age-synchronized 
cultures, eggs from 3-day-old mature adults plates were isolated via bleaching, followed 
by rinse with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O to 
1 liter. Sterilized by autoclaving), and the eggs were hatched and allowed to grow to L1-
stage larvae in M9 buffer without food. L1-stage larvae were allowed to grow to L4-
stage larvae (36 hours) on agar plates with E. coli OP50 as a food source at 20 °C. 
Oil and dispersant preparation 
Unweathered crude oil from the Macondo well was provided by BP and Corexit 
9500A, the primary dispersant used, was provided by NALCO. The stock solution of the 
dispersant-oil mixture (Dis-Oil) was made as follows: 20 volumes of crude oil and 1 
volume of dispersant (according to the approximate proportion in commercial use) were 
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vortex mixed, shaken overnight in a reciprocating shaker at 120 rpm and then diluted 10 
times with K-medium (0.032 M KCl and 0.051 M NaCl). K-medium is a commonly used 
salt medium suitable for C.elegans aquatic toxicity testing (Khanna et al. 1997; Ura et 
al. 2002). While performing dilution, the parent solution was intensively mixed by 
inversing the conical tube 25 times and solutions were immediately taken from the 
middle of the mixed emulsion. To make the dispersant-alone (Dis) stock solution, 20 
volumes of K-medium and 1 volume of dispersant were mixed, shaken overnight and 
then intensively shaken, diluted 10 times with K-medium. Similarly, to make oil-alone 
(Oil) stock, 20 volumes of crude oil and 1 volume of K-medium were mixed overnight, 
shaken, and then diluted 10 times with K-medium.  
Oil and dispersant exposure treatments for microRNA expression assay 
Based on our previous study (Zhang et al. 2013), we found the L4-stage larvae are 
more sensitive to oil and dispersant compared to that of L1-larvae. We also found that 
exposure to 50 times dilution of stocking solution significantly inhibit reproduction. 
Therefore in this study, we made the working solutions of Dis-oil, Dis, and Oil by 50 
times dilution of corresponding stock solutions with K-medium for microRNA expression 
profile assay. K-medium alone was used as control. We treated the wild type N2 L4-
stage larvae with oil, dispersant or dis-oil mixture in 15ml centrifuge tubes for 24hr and 
then rinsed with K-medium twice and collected the worms in 2ml centrifuge tubes. The 
worms were ready for RNA isolation or were frozen in liquid nitrogen and then stored in 
-80 °C until use. We did three biological replicates for each treatment. 
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Genome-wide identification of the aberrant microRNA expression profile using 
qRT-PCR 
Total RNAs were isolated according to the manufacturer’s protocol, from each 
treatment and control using the mirVanaTM miRNA Isolation Kit (Ambion, Austin, TX). 
The extracted RNAs were evaluated and quantified using the NanoDrop ND-1000 
Micro-Volume UV/Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
Then the aliquoted RNA was stored at -80 ºC immediately until analysis. 
Applied Biosystems TaqMan microRNA Assays were employed to detect and 
quantify miRNAs (Chen et al. 2005). There were two steps in the TaqMan miRNA 
Assays 1) reverse transcription of the mature miRNA to a longer single-stranded cDNA 
sequence using a stem-looped primer, and 2) real-time PCR. A single-stranded miRNA 
cDNA was generated from 500 ng of the total RNA sample by reverse transcription 
using the Applied Biosystems TaqMan microRNA Reverse Transcription Kit. Every 12 
miRNA-specific stem-looped RT primers were mixed to get miRNA cDNAs. Y45F10D.4 
and tba-1 were used as reference genes based on our previous studies (Zhang et al. 
2013) (Zhang et al. 2012). Relative miRNA expression data were analyzed using the 
ΔΔCT method (Chen et al. 2005). 
Identify miRNAs expression change response to crude oil, dispersant or Dis-Oil 
mixture exposure 
Based on the data obtained from qRT-PCR, sets of miRNAs with up- or down-
regulated expression associated with crude oil or dispersant exposure were identified. 
Differences among treatments were statistically analyzed using ANOVAs. MiRNAs that 
exhibit sensitive response have been identified.  
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We used (50-ΔCT) values of each microRNA to generate the heat map by 
performing R programming. Using heat map clustering, we classified groups with similar 
expression change trends in a single treatment profile when compared with other 
profiles. 
In silico identification of gene targets of miRNAs with differential expressions 
Two computational programs, TargetScan6.2 (Lewis et al. 2003) and Miranda 
(Betel et al. 2008) were employed to predict selected miRNA targets. This strategy of 
applying two computational programs for gene target prediction would significantly 
reduce the potential false positives, since one computational program could over-predict 
the number of targets of a miRNA. The genes that were predicted by both programs had 
higher probability of being an authentic target of the miRNA. Two discrete lists of the 
predicted miRNA targets were first generated by TargetScan and Miranda, respectively. 
Then, the two lists of miRNA targets were compared with each other and the target 
genes predicted by both computational programs were selected for further analysis. 
Characterization of MiRNA function and regulated gene network by KEGG 
pathway analyses 
In order to better understand miRNA target function and classification as well as the 
regulatory networks associated with reproduction and other affected biochemical 
pathways, we made a further target function analysis based on the KEGG pathway 
database. 
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Results and Discussions 
Genome-wide miRNA expression profiling 
The expression levels of 231 miRNA genes were measured after treated with oil, 
dispersant or oil/dispersant mixture. The primer information of 231 miRNA genes is 
listed in supplementary materials (Table 3.1). Genes with Ct values higher than 45 in 
two out of three biological replicates were defined as “undetectable”. Most miRNA 
genes (173/231, 75%) were detected in all four groups, while four genes (2%) were 
undetectable in any group (Fig. 1). 
Two reference genes, Y45F10D.4 and tba1, were chosen to normalize the Ct 
values of the 231 miRNA genes according to our previous study (Zhang et al. 2012). 
(50-ΔCT) values based on those two reference genes were used to construct a heat 
map using unsupervised hierarchical clustering and performed in R programming (Fig. 
2). An overall presentation of the expression of all 231 genes in all four groups with 
three replicates can be visualized in Fig. 2. Replicates in all treatment groups were 
clustered together, indicating that our results are consistent. Oil treatment groups were 
clustered close to control groups, while Oil-Dis treatment groups were most distantly 
related, implying that a mixture of oil and dispersant had distinct effects from oil or 
dispersant alone on the expression of miRNAs.  
Differentially regulated miRNAs in oil, dispersant and Oil-Dis treatments 
Differences in the expression of the 231 tested miRNAs were statistically analyzed 
using ANOVAs. Comparisons were made among three treatments and also with control. 
A Venn diagram was used to illustrate the results (Fig. 3). Numbers in black mean 
miRNAs are regulated in the same direction in different treatments, while those in red 
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mean miRNAs in opposite directions. Totally 166 (72%) genes were found to be 
significantly changed in three treatment groups. 59 (59/166, 36%) miRNA genes were 
up-regulated, while 82 (82/166, 49%) were down-regulated. 25 (25/166, 15%) miRNA 
genes were differentially regulated, which means that they were up-regulated in one 
treatment, but were down-regulated in others. For oil treatment, the expression levels of 
82 miRNAs were significantly changed (29 up-regulated, 53 down-regulated). For 
dispersant treatment, the expression levels of 85 miRNAs were significantly changed 
(72 up-regulated, 13 down-regulated). For Oil-Dis treatment, the expression levels of 
130 miRNAs were significantly changed (38 up-regulated, 92 down-regulated). Most of 
the miRNAs were up-regulated in the dispersant treatment group (72/84, 86%), while 
most were down-regulated in the Oil-Dis group (92/107, 86%). 
Functional analyses of differentially expressed miRNAs through target prediction 
and KEGG pathway analyses 
To better understand the potential regulatory roles of these differentially expressed 
miRNAs in response to oil, dispersant or Oil-Dis treatments, we performed miRNA 
target prediction combined with KEGG enrichment analyses. 
First, TargetScan6.2 and Miranda were applied to predict the targets of differentially 
expressed miRNA genes in each treatment individually. Only targets listed in both 
computational programs were kept for further analyses. 8,701, 9,318 and 10,068 
common targets were predicted in oil, dispersant, and Oil-Dis treatments, respectively. 
Then, a further target function analysis was performed based on the KEGG pathway 
database. A detailed KEGG enrichment analysis can be found in Table 3.2 and Fig. 4. 
Most pathways were involved in all three treatments groups, as shown in Fig. 4. 
Among those pathways, many are related to environmental information processing, 
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including ABC transporters, MAPK signaling pathway, Erbb signaling pathway, JAK-
STAT signaling pathway, MTOR signaling pathway, Calcium signaling pathway, Wnt 
signaling pathway, Hedgehog signaling pathway and phosphatidylinositol signaling 
system (Table 3.2). It indicates that C. elegans responds to environmental stimuli, like 
oil, dispersant or Dis-Oil mixture and activates many pathways. These pathways are 
related to many important biological processes, such as cell cycle, cell proliferation, 
differentiation and apoptosis. Some pathways are related to oil uptake and metabolism, 
such as endocytosis, fatty acid biosynthesis and ABC transporters pathway. 
Crude oil, dispersant and Dis-Oil mixture affect fatty acid biosynthesis 
In KEGG enrichment analysis, the most affected pathway is fatty acid biosynthesis 
pathway (Pathway ID: cel00061). Two genes involved in this pathway are fasn-1 and 
pod-2, both of which catalyze the first two steps in saturated small- and medium-chain 
fatty acid biosynthesis (Zhang et al. 2011). fasn-1 is the target of cel-miR-247-5p and 
pod-2 is regulated by cel-miR-247-5p and cel-miR-232-3p based on our miRNA target 
prediction. Both cel-miR-247-5p and cel-miR-232-3p are up-regulated in all three 
treatment groups with statistical significance. Notably, cel-miR-247-5p (cel-miR-247*) 
expressed at very low level in the control group, but its expression increased 92, 215 
and 47 times in crude oil, dispersant and Dis-Oil mixture, respectively. 
Expression of fasn-1 and pod-2 is down-regulated due to over-expression of these 
two miRNAs. Previous study by Li Y. et. al indicates that knockdown of fasn-1 and pod-
2 causes defects in triglyceride production and impairs cuticle formation and molting 
process in C. elegans (Li and Paik 2011). Malfunction in molting process may explain 
the phenomenon that oil/dispersant-treated worms tend to have small body size. Worms 
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treated with fasn-1 RNAi and pod-2 RNAi have fewer eggs within their bodies, implying 
that fasn-1 and pod-2 also play important roles in reproduction of C. elegans (Li and 
Paik 2011). Lower reproduction ability observed in fasn-1 RNAi and pod-2 RNAi 
treatments is consistent with our previous results observed in oil/dispersant treatment 
experiments (Zhang et al. 2013). Therefore, oil/dispersant treatments might induce 
developmental and reproductive defects via miRNA-mediated down-regulation of fasn-
1and pod-2. 
Besides the fatty acid biosynthesis pathway, other KEGG pathways, which are 
related to lipid molecule transportation and metabolism, were also highly involved in 
exposure of crude oil, dispersant and Dis-Oil mixture. These pathways include ABC 
transporter pathway and endocytosis pathway. 
Crude oil, dispersant and Dis-Oil mixture affected miRNAs mediated regulatory 
network in the MAPK pathway 
 In order to further understanding the miRNA-mediated regulatory mechanism in 
response to crude oil, dispersant and Dis-Oil mixture, we captured a snapshot of the 
whole miRNA-targets network in MAPK pathway to present regulation complexity (Table 
3 & Figure 5). Because the MAPK pathway is interacted with many other environmental 
information processing pathway, such as Erbb signaling pathway, JAK-STAT signaling 
pathway, MTOR signaling pathway, Calcium signaling pathway and the Wnt signaling 
pathway. In addition, the MAPK pathway is involved in proliferation, differentiation and 
apoptosis and is our interest in Chapter 2. Therefore, instead of showing all the protein-
coding genes and their putative miRNAs interactions involved in MAPK pathway, we 
simplified the problem with focusing on five key players (let-60, lin-45, mek-2, mpk-1 
and rskn-1) in MAPK pathway.   
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The fold change for the significantly changed miRNAs in expression for three 
different treatments (oil-only, dispersant-only and Dis-Oil mixture) are summarized in 
Table 3. Those predicted miRNA targets for each individual miRNA are also 
summarized in Table 3. Based on the miRNA-targets relationship, we built the miRNA 
regulatory network for the five key genes in the MAPK pathways in different exposure 
treatments (Figure 5). The results showed that for these five gene targets, nearly all the 
differentially expressed miRNAs were up regulated in the dispersant exposure and most 
of the expression-changed miRNAs were down regulated in both oil and Dis-Oil mixture 
exposure treatments. The Dis-Oil mixture exposure treatment it triggered more miRNAs 
shown differentially expression, which indicated the mixture of oil and dispersant might 
cause more complex regulatory mechanisms than the oil-only or dispersant-only 
exposure.  
The miRNAs and their targeted genes were shown complicated regulatory 
network (Figure 5). One miRNA may regulate many of these five genes as its targets 
and one miRNA may or may not have the same expression pattern in different exposure 
treatments. For example, cel-miR-247-5p has multiple putative gene targets (let-60 and 
lin-45) in the MAPK pathway. Cel-miR-247-5p showed up-regulation in all of the three 
different exposure treatments while cel-miR-788-3p targeted four genes (let-60/lin-
45/mpk-1/rskn-1) in MAPK pathway showed down-regulation in both oil and Dis-Oil 
mixture. Moreover these expression-altered miRNAs also have many other potential 
targets that are not in the MAPK pathway (data not shown). Some miRNAs may have 
different expression (fold change) pattern for different exposure treatments. For 
example, cel-miR-239b-3p targeted mek-2 showed up-regulation in dispersant exposure 
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treatment and showed down-regulation in Dis-Oil mixture exposure treatment. 
Meanwhile one gene may be targeted by many miRNAs. In general, the let-60, lin-45 
and mpk-1 had more targeted miRNAs than the other two genes, mek-2 and rskn-1, in 
the MAPK pathway. Furthermore, one gene was targeted by more miRNAs in Dis-Oil 
mixture exposure treatment than that of in oil-only or dispersat-only exposure 
treatments. For example, mek-2 was targeted by cel-miR-1021 in oil-only exposure 
treatment; mek-2 was targeted by cel-miR-1822-5p and cel-miR-239b-3p in dispersant-
only exposure treatment; while in Dis-Oil exposure treatment, mek-2 was targeted by 
the above three of miRNAs (cel-miR-1021, cel-miR-1822-5p and cel-miR-239b-3p). 
In summary, a total of 47-49 out of 53 genes (88.7-92.5%) in the MAPK pathway 
in C. elegans were putatively regulated by expression-changed miRNAs in all three 
different exposure treatments. Based on the data shown in Chapter 2 (Fig. 11), these 
five key genes in MAPK pathway didn’t show dramatic expression alteration in the Dis-
Oil mixture treatment. In Dis-Oil mixture exposure treatment, the expression of those 
miRNAs that may regulate these five key players showed different regulation directions. 
Considering many aberrantly expressed miRNAs were involved in the miRNA-target 
interactions, one possible explanation could be that these miRNAs might serve like a 
“buffer” to resist the expression changes for their targets. Another publication also 
suggests that it could be possible that miRNAs buffer fluctuations in gene expression 
and more faithfully signal outcomes in the context of certain regulatory networks (Ebert 
and Sharp 2012). It suggests that the mRNA level of protein-coding genes remains in a 
certain range when face environment information changes might due to multiple 
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miRNAs play a regulatory role as a whole in a complex miRNAs-targets interactions 
network. 
Conclusion 
Our studies showed that the crude oil, dispersant and Dis-Oil mixture induced 
significantly aberrant expression of miRNAs genome-widely in C. elegans. From the 
miRNA targets prediction and KEGG enrichment analysis of those targets, it suggests 
that many pathways affected by crude oil, dispersant or Dis-Oil mixture exposures were 
related to environmental information processing. Our results suggest that microRNAs 
expression profiles could be used as a reference to evaluate the potential risk of 
environmental pollution.  Further targets prediction and KEGG enrichment analysis of 
the microRNAs expression profiles could be used in turn to select several microRNAs 
as a pool of representative biomarkers to indicate environmental pollution. Our work 
was started with the available miRNAs candidates in miRBase, and the following KEGG 
analysis was also based on the predicted miRNA targets. Therefore further studies 
need to take efforts to find the possible miRNA biomarkers for the oil spill environment 
pollution by both validating the miRNA-target interaction and narrowing down the 
miRNA biomarker candidates with more powerful bioinformatics analysis. 
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Fig. 3-1.  
Venn diagram showing the numbers of miRNAs expressing in each group. 173 miRNA 






Fig. 3-2  
Oil/dispersant induces the aberrant expression of miRNAs in C. elegans. Heat map 
showing expression profiles of 231 miRNAs. From left to right, three biological replicates 
of: Oil-Dis, dispersant and oil treatment groups. (50-ΔCT) values based on two 
reference genes (Y45F10D.4 and tba-1) were used to construct a heat map using 
unsupervised hierarchical clustering and performed in R programming. In the figures, 
color red, green, and black represent up-regulation, down-regulation and no change, 
respectively. Expression levels for miRNAs at different biological replicates and in 
different treatment groups were compared by its Z scores and are presented according 





Fig. 3-3  
Venn diagram showing the number of miRNAs which are significantly up-regulated or 
down-regulated using ANOVA analysis in oil, dispersant and Oil-Dis treatments. 
Numbers in black mean miRNAs are regulated in the same direction in different 






Fig. 3-4  
Pie chart showing pathways that are involved significantly in combinations of each 





Fig. 3-5  
MicroRNA mediated gene regulatory network in MAPK pathway. A: oil only treatment; B: 
dispersant only treatment; C: oil and dispersant mixture treatment. Blue color showed 
the key regulatory protein-coding genes in MAPK pathway in C. elegans, which are let-
60, lin-45, mek-2, mpk-1 and rskn-1. Red color indicated those microRNAs were up 
regulated in the corresponding treatment while the green color indicated those 
microRNAs were down regulated in the corresponding treatment.
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Table 3-1 Primers used in qRT-PCR for 231 microRNAs in C. elegans. 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3-2 KEGG pathway enrichment analysis. Detailed significant involved pathway information in three treatment 
groups. Column one, two and six gave the IDs, names and classes of each individual pathway. One specific treatment 
group was checked if that pathway was involved significantly. 
Pathway ID pathway name oil dis mix class 




√ √ √ Metabolism; Glycan biosynthesis 
and metabolism 
cel00532 GLYCOSAMINOGLYCAN 
BIOSYNTHESIS - CHONDROITIN 
SULFATE / DERMATAN SULFATE 
√ √ √ Metabolism; Glycan biosynthesis 
and metabolism 
cel02010 ABC TRANSPORTERS √ √ √ Environmental Information 
Processing; Membrane transport 
cel04010 MAPK SIGNALING PATHWAY √ √ √ Environmental Information 
Processing; Signal transduction 
cel04012 ERBB SIGNALING PATHWAY √ √ √ Environmental Information 
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Processing; Signal transduction 
cel04144 ENDOCYTOSIS √ √ √ Cellular Processes; Transport and 
catabolism 
cel04630 JAK-STAT SIGNALING PATHWAY √ √ √ Environmental Information 
Processing; Signal transduction 
cel04150 MTOR SIGNALING PATHWAY √ √ √ Environmental Information 
Processing; Signal transduction 
cel04020 CALCIUM SIGNALING PATHWAY √ √ √ Environmental Information 
Processing; Signal transduction 
cel03022 BASAL TRANSCRIPTION 
FACTORS 
√ √ √ Genetic Information Processing; 
Transcription 
cel04310 WNT SIGNALING PATHWAY √ √ √ Environmental Information 
Processing; Signal transduction 
cel00534 GLYCOSAMINOGLYCAN 
BIOSYNTHESIS - HEPARAN 
SULFATE / HEPARIN 
√ √ √ Metabolism; Glycan biosynthesis 
and metabolism 
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cel04120 UBIQUITIN MEDIATED 
PROTEOLYSIS 
√ √ √ Genetic Information Processing; 
Folding, sorting and degradation 
cel00512 O-GLYCAN BIOSYNTHESIS √ √ √ Metabolism; Glycan biosynthesis 
and metabolism 
cel04340 HEDGEHOG SIGNALING 
PATHWAY 
√ √ √ Environmental Information 
Processing; Signal transduction 
cel04070 PHOSPHATIDYLINOSITOL 
SIGNALING SYSTEM 
√ √ √ Environmental Information 
Processing; Signal transduction 
cel03450  NON-HOMOLOGOUS END-
JOINING 
√   Genetic Information Processing; 
Replication and repair 
cel04512  ECM-RECEPTOR INTERACTION √   Environmental Information 
Processing; Signaling molecules 
and interaction 
cel00630                     GLYOXYLATE AND 
DICARBOXYLATE METABOLISM 
√ √  Metabolism; Carbohydrate 
metabolism 
cel00072                     SYNTHESIS AND DEGRADATION  √  Metabolism; Lipid metabolism 
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OF KETONE BODIES 
cel00020                     CITRATE CYCLE (TCA CYCLE)  √ √ Metabolism; Carbohydrate 
metabolism 
cel04350                     TGF-BETA SIGNALING PATHWAY  √ √ Environmental Information 
Processing; Signal transduction 
cel00562                     INOSITOL PHOSPHATE 
METABOLISM 
 √ √ Metabolism; Carbohydrate 
metabolism 
cel00523                     POLYKETIDE SUGAR UNIT 
BIOSYNTHESIS 
  √ Metabolism; Metabolism of 
terpenoids and polyketides 
cel03020                     RNA POLYMERASE   √ Genetic Information Processing; 
Transcription 








Table 3-3 Significantly changed miRNAs and their targets in MAPK pathway*. Targets shown here are let-60, lin-45, mek-
2, mpk-1 and rskn-1. 
miRs 
Fold change MiRNA targets 
mixture 
dispersan
t oil mixture dispersant oil 
cel-miR-247-5p 46.502 214.65 91.82 let-60/lin-45 let-60/lin-45 let-60/lin-45 
cel-miR-1020-








5p 8.804 16.74 
 
mek-2 mek-2 
 cel-miR-56-5p 3.936 49.9 9 mpk-1 mpk-1 mpk-1 












  cel-miR-240-5p 0.268 15.12 
 
rskn-1 rskn-1 
 cel-miR-250-3p 0.193 7.71 
 
mpk-1 mpk-1 
 cel-miR-258 0.178 
  
let-60/mpk-1 




3p 0.171 5.05 
 
mek-2 mek-2 











cel-miR-1823 0.107 7.04 
 
lin-45 lin-45 










5p 0.011 3.04 0.08 lin-45 lin-45 lin-45 
cel-miR-797-5p 0.004 
  
mpk-1 
  cel-miR-2212-
5p 0.003 
 
0.19 let-60 
 
let-60 
cel-miR-60-5p 
 
19.05 
  
lin-45 
 cel-miR-2210-
5p 
 
10.68 0.41 
 
let-60 let-60 
cel-miR-1832a 
 
6.54 
  
mpk-1 
 cel-miR-1019-
3p 
 
5.58 0.05 
 
rskn-1 rskn-1 
cel-miR-355 
 
4.15 
  
lin-45 
 cel-miR-1829c 
 
0.09 
  
let-60 
 cel-miR-86-5p 
  
0.21 
  
let-60 
cel-miR-785 
  
0.1 
  
let-60 
cel-miR-2-3p 
  
0.003 
  
mpk-1 
 
	
